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INTRODUCTION 

This r epor t  p re sen t s  t h e  technology methods used a t  the  NASA Plum Brook r e a c t o r  
(PBR) t o  ana lyze  coa l  by neutron a c t i v a t i o n  ana lys i s .  
t he  Environmental P ro tec t ion  Agency (EPA) Div is ion  of A i r  Su rve i l l ance  a t  Research 
Tr iangle  Park ,  North Carolina,  by t h e  NASA Plum Brook r eac to r  at Sandusky, Ohio, 
under a n  interagency agreement. Unfor tuna te ly ,  t he  work was te rmina ted  in January 
1973 when the  Plum Brook r eac to r  was closed. 

The work w a s  performed fo r  

The genera l  scheme o f  ana lys i s  - sample p repa ra t ion ,  i r r a d i a t i o n ,  and sample 
counting - is descr ibed .  The d i scuss ion  of da t a  reduct ion  inc ludes  the  computerized 
method, i n t e r f e rence  c o r r e c t i o n s ,  and the  p rec i s ion  and accuracy of t h e  method. 
Some t y p i c a l  t r a c e  element r e s u l t s  a r e  given f o r  coa l ,  f l y  a sh ,  and bottom ash. The 
manpower requirement f o r  t h e  a n a l y s i s  of 1000 samples per  year  i s  s t a t e d .  
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THE ANALYSIS SCHEME 

Figure 1 shows t h e  o v e r a l l  a n a l y s i s  scheme used a t  PBRF t o  analyze coa l  and f l y  
ash samples by neutron a c t i v a t i o n  ana lys i s  (NAA). (These same techniques and meth- 
ods, with only s l i g h t  modi f ica t ion ,  were used f o r  t h e  N U  of kerosene ,  j e t  f u e l ,  
gaso l ine ,  f u e l  o i l ,  r e s i d u a l  o i l ,  o re ,  a i r  p a r t i c u l a t e s  on f i l t e r s ,  bottom ash,  sand, 
clam t i s s u e ,  corn ,  cement, l imes tone ,  s t ack  scrubber water, crab s h e l l s ,  and r i v e r  
water . )  

The bas i c  procedure used two a l i q u o t s  of t he  sample.  One a l i q u o t  was encapsu- 
l a t e d  in a polyethylene v i a l ,  t h e  o t h e r  i n  a syn the t i c  quar tz  (Supras i l )  v i a l .  The 
polyethylene v i a l ,  conta in ing  50 t o  100 mill igrams of coa l  (10 mg or less of f l y  
a sh ) ,  was i r r a d i a t e d  f o r  5 minutes i n  a thermal neutron f l u x  of 1.5.1014 n/cmz/sec. 
Then the  i r r a d i a t e d  sample was counted a t  decay times of -5 minutes ,  -30 minutes,  
and 24 hours. The quar tz  v i a l  was i r r a d i a t e d  f o r  12  hours i n  the  same f l u x  and 
counted at  about 3 weeks decay. 

Samples were counted on a 4096 channel g a m a  ray  spectrometer us ing  a Ge (Li) 
de tec tor  with a c r y s t a l  diameter of 35 m and length  of 27 mm. 
d i s tances  ranged from 3 t o  40 cm, with de t ec to r  dead time r e s t r i c t e d  t o  .20% when- 
ever poss ib le .  
1 keV/channel and maintained at z1 channel or l e s s .  

Acceptable counting 

The d e t e c t o r  r e s o l u t i o n  w a s  3 keV with l i n e a r i t y  ad jus t ed  t o  

DATA REDUCTION 

Altogether t h e r e  were two i r r a d i a t i o n s  a s soc ia t ed  w i t h  each p o l l u t i o n  sample,  
and four  counts - 5 minutes,  30 minutes,  24 hours ,  and 3 weeks decay. Each count of 
each a l iquo t  produced a paper tape .  Each t a p e ,  along wi th  informat ion  regarding de- 
cay time, count t i m e ,  f l u x  l e v e l ,  sample weight ,  counting d i s t ance ,  and o ther  param- 
e t e r s  was processed through t h e  da t a  r educ t ion  code "SPECTRA."(l) Computing t i m e  on 
an  I B M  360 Mod 67 w a s  under 1 minute f o r  a l l  fou r  t apes  a s soc ia t ed  with one sample. 
Data were repor ted  t o  EPA as p a r t s  per mi l l i on  of each t r a c e  element i n  the  sample. 
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INTERFERENCE CORRECTIONS 

EPB desig. ate-, the eler.ents Eo,, Se,  a s ,  as "very hazardniis." As a r e s u l t ,  w e  
devoted much a t t e n t i o n  t o  t h e  accu ra t e  de te rmina t ion  of t h e s e  four  elements by NAA. 
We found t h a t ,  in c o a l ,  both selenium and y t te rb ium i n t e r f e r e d  with t h e  de t ec t ion  of 
mercury; ytterbium i n t e r f e r e d  wi th  selenium; and bromine and antimony i n t e r f e r e d  
W I L L ,  arseziic. ...I ..I. 

The appendix t o  t h i s  paper d e s c r i b e s  how f a c t o r i a l  experiment design techniques 
were used t o  der ive  empi r i ca l  c o r r e c t i o n  f a c t o r s  needed f o r  t h e  accu ra t e  determina- 
t i o n  of Hg, S e ,  and As. 

PRECISION AND ACCURACY 

Table 1 shows t h e  s tandard  dev ia t ion  and t h e  range oi counting p rec i s ion  asso- 
The s tandard  dev ia t ion  i s  c i a t e d  wi th  thz  de te rmina t ion  of t r a c e  elements i n  coa l .  

based on f i v e  a l iquo t s .  

Table 2 provides information on t he  accuracy of the NAA methods. Resul t s  of 
NAA of NEIS s tandard  r e f e r e n c e  materials ( t r a c e  elements i n  a g l a s s  matrix) a r e  com- 
pared with c e r t i f i e d  and i n t e r i m  NBS va lues .  Other elements repor ted  t o  EPA were 
f r equen t ly  checked wi th  homemade s t anda rds  and with s t anda rds  submitted by EPA. 

TYPICAL TRACE ELEMENT RESULTS 

Tables 3.1 t o  3 . 4  show t h e  form of computer ou tpu t s  t y p i c a l l y  obta ined ,  one f o r  
each of t he  four s p e c t r a  a s soc ia t ed  wi th  one sample. The d a t a  inc lude  the  PBR sam- 
p l e  number, the EPA i d e n t i f i c a t i o n  number, and t h e  inpu t  d a t a  requi red  f o r  the  com- 
pu te r i zed  da ta  reduct ion .  The t h i r d  column shows t h e  56 elements t h a t  were rou- 
t i n e l y  repor ted .  
s tandard  devia t ion  at l o  i n  ppm. 

Column fou r  g ives  t h e  r e s u l t s  i n  ppm, and column 5 g ives  the  

Typical r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  4 f o r  seven coa l  samples ,  bottom ash ,  
and f l y  ash.  
i so topes  a c t u a l l y  de t ec t ed .  
i r o n ,  aluminum, barium, potassium, manganese, sodium, rubidium, t i n ,  t i t an ium,  
thorium, uranium, vanadium, and zirconium are concent ra ted  i n  f l y  ash.  
t i o n a l  comment regard ing  uranium and thorium: 
a c t i v e  and a r e  a -emi t te rs .  For each ton of c o a l  burned, t h e  p o t e n t i a l  hazard e x i s t s  
of e m i t t i n g  0.3 c u r i e s  of a - a c t i v i t y ,  based on 1 ppm of uranium i n  coa l .  

The r e s u l t s  a r e  given i n  ppm. The elements are l i s t e d  along with the  
Examination of t h e  d a t a  shows t h a t  calcium, cerium, 

An addi- 
t hese  elements a r e  n a t u r a l l y  radio- 

No element in t a b l e  4 shows a higher concent ra t ion  i n  t h e  bottom ash than i n  
cne f i y  ash .  

THE ANALYSIS CAPABILlTY 

The a n a l y s i s  c a p a b i l i t y  developed a t  t h e  Plum Brook r e a c t o r  w a s  geared t o  ana- 
l yze  1000 samples per  year as a p a r t  time e f f o r t .  
developing the  technology to handle and i r r a d i a t e  a l a r g e  v a r i e t y  of p o l l u t i o n  
r e l a t e d  samples with a minimum of manpower. 
were i r r a d i a t e d ,  counted, and r epor t ed .  
3.5 hours per  sample  
sample wi th  56 elements r epor t ed .  

The program was a l s o  geared t o  

During a t y p i c a l  work week, 24 samples 

Computer running time amounted t o  approximately 1 minute per  
To ta l  manpower expended averaged 3.0 t o  

CONCLUDING REMARKS 

The trace element a n a l y s i s  of coa l  u s ing  NAA h a s  been shown t o  be an accu ra t e ,  
r e l i a b l e ,  and ins t rumenta l  method of a n a l y s i s .  
developed t o  permit t h e  a n a l y s i s  of up t o  56 t r a c e  elements i n  each of 1000 samples 

The a s soc ia t ed  technology was a l s o  
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per  year as a part-t ime e f f o r t .  
power requi red  t o  3.0 t o  3.5 hours pe r  sample. 

Computerized da ta  r educ t ion  reduced t h e  t o t a l  man- 

APPENDIX - INTERFERENCE CORRECTIONS FOR MERCURY, SELENIUM, AND ARSENIC 

by Anne Bodnar 

The elements Hg, Se, A s ,  and Cd a r e  designated as "very hazardous" by EPA. 
This appendix desc r ibes  the  method used t o  der ive  t h e  complex c o r r e c t i o n  f a c t o r s  re- 
qui red  t o  achieve an accu ra t e  determination of Hg, S e ,  and A s  by NAA. Cadmium d i d  
not r equ i r e  any s p e c i a l  i n t e r f e rence  co r rec t ions .  

We de tec t ed  an accuracy problem with t h e  de te rmina t ion  of Hg i n  c o a l .  A count 
a t  5 t o  6 weeks decay time produced a Hg r e s u l t  ranging from 2 t o  10 times smaller 
than the  va lue  obta ined  a t  3 weeks decay. A co r rec t ion  f o r  Se  i n t e r f e r e n c e  on H 
w a s  being made, b u t ,  because of t h e  s i m i l a r i t y  i n  t he  ha l f - l i ves  of Hg203 and S e  5 ,  
the  low Hg r e s u l t s  a t  6 weeks decay could not be explained. 

A search  of t h e  Nuclear Data Tables(2) 
~ b 1 7 5 .  Not only d i d  t h e  282-keV peak of Ybl75 i n t e r f e r e  wi th  HgZo3 bu t  a l s o  t h e  
400.7-keV peak of Se75 i n t e r f e r e d  wi th  the  396-keV peak area of Yb1'5, which was 
used fo r  the  Yb co r rec t ion  on Hg203. 
i n t e r f e red  wi th  the  264-keV peak a r e a  or Se75, which is used i n  t h e  c o r r e c t i o n  on  
Hg203 (peak area  a t  279 keV). 
t h e o r e t i c a l  co r rec t ions .  

9 

roduced another  i n t e r f e r e n c e :  4.2-day 

In  a d d i t i o n ,  another  Yb i so tope ,  32-day Yb169 

These d i sc repanc ie s  were not  e l imina ted  by us ing  

F i n a l l y ,  t he  problem w a s  reso lved  by i r r a d i a t i n g  s tandards  and mixtures  of 
s tandards  i n  a f a c t o r i a l  experiment. The experiment des ign  was a f u l l  f a c t o r i a l  ex- 
periment with t h r e e  v a r i a b l e s  (Hg, Se ,  Yb) a t  two l e v e l s ,  wi th  r e p l i c a t i o n ,  and with 
a cen te r  point added t o  t es t  h igher  o rde r  e f f e c t s .  The h igh  l e v e l  w a s  s e l ec t ed  as 
100 micrograms (up), t h e  low l e v e l  as 10  ug. Table A-1 shows t h e  t r ea tmen t s  t h a t  
were used. 

Regression ana lys i s  on the  da t a  w a s  used t o  es t imate  t h e  c o e f f i c i e n t s  i n  a pre- 
The dependent v a r i a b l e  w a s  chosen as t h e  d i f f e r e n c e  between d i c t i v e  model equat jon .  

t he  computer ca l cu la t ed  va lue  for  Hg (or  S e  o r  Yb) and t h e  t r u e  va lue .  Independent 
va r l ab le s  were the  o the r  two elements p lus  p l aus ib l e  i n t e r a c t i o n s  ( e .g . ,  t h e  in t e r -  
ac t ion  of Se-Yb on tip).  The c o e f f i c i e n t s  der ived  f o r  t he  p red ic t ive  equat ions  
served a s  the  b a s i s  f o r  t h e  empir ica l  co r rec t ion  of  Yb on Se and v i c e  ve r sa ,  and 
Yb-Se on Hg. Table 12-2 compares the  t h e o r e t i c a l  co r rec t ion  f a c t o r s  w i th  t h e  f i n a l  
form of the  co r rec t ions  based on the  empir ica l  da t a .  
t o  t h e  SPECTRA computer program. The program w a s  then t e s t e d  by i r r a d i a t i n g  and 
ana lyz ing  o t h e r  known samples. 
conten ts .  The method now a l lows  us  t o  determine Se and Hg i n  t h e  presence  of  i n t e r -  
f e rences  which may be t e n  times g r e a t e r  i n  quant i ty .  

A s p e c i a l  sub rou t ine  w a s  added 

The ca l cu la t ed  va lues  agreed wi th  t h e  known sample 

This same technique has been used t o  determine a r s e n i c  i n  t h e  presence  of 
bromine and antimony. 
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TABLE A-1 

Treatment 

1 
2 
3 
4 
5 
6 
7 
8 

Repl i ca t e s  
4 
7 
8 

Center point 

Se  Hg 

-1 -1 
+1 -1 
-1 +1 
-1 -1 
+1 +1 
-1 +1 
+1 +1 
+1 -1 

-1 -1 
+1 +1 
+1 -1 
CP CP 

Yb 

-1 (-1) i n d i c a t e s  low l e v e l ,  10 pg 
-1 
-1 ( + l j  i n d i c a t e s  high l e v e l .  100 uK 
+1 
-1 
+1 
+1 
+1 

cp indicates (High l e v e l  + low l e v e l  
2 

+1 
+1 
+1 
CP 

TABLE A-2 

1, Theore t ica l  c o r r e c t i o n s  fo r  S e  and Yb in t e r f e rences  on Hg 

1. A, = A,, - 0.0369 X 
2. Bc = BU - 0.118 A, 

3. Dc Du - 0.959 Bc - 0.387 Ac 

2. Empirical form of Se and Yb co r rec t ion  f a c t o r s  f o r  i n t e r f e rence  on Hg 

1. Ac = AU - 0.0433 X 
2. Bc = 0.443(Bu - 0.118 Ac) 

3.  Dc = DU - 1.65 Bc - 0.387 Ac 
I 

where Ac = selenium 264.6 KeV a r e a  cor rec ted  f o r  Yb169 

= ne t  a r e a  of selenium (264.6 K e V ) ,  uncorrected 

= ne t  a r e a  o f  Yb;'; at 177.2 KeV X 

B, = yt te rb ium 396.1 KeV area  cor rec ted  for  selenium (264.6 KeV) 

Bu = ne t  a r e a  of yt te rb ium (396.1 KeV) uncorrected 

Dc = mercury 279.1 KeV a rea  cor rec ted  f o r  selenium.and y t te rb ium 

Du = ne t  a r ea  of mercury (279.1 KeV) uncorrected 
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TABLE 1. - PRECISION OF EPA ROUND ROBIN COAL SAMPLE 

Element 

T i  
V 
A l  
S 

U 
Ba 
Sr 
I 
Mn 
Mg 
N a  
c1 
Ca 

c u  
As 
BK 
K 
Cd 

C e  
Se 
Hg 
C r  
cs 
Ag 

Z K  
Zn 
Fe 
co 
Sb 
N i  

PPm X s t d  dev (lo) 

1 312 
36 

1 5  700 
c30 500 

0.98 
340 

93  

38 
890 
370 
7 50 

4 070 

14 

20. 
3 500. 
<55 

2 . 8  

5.9 

1 7 . 3  
3.8 
0.95 

1 9  
2.6 

~ 0 . 4  

70 

7 520 
7.5 

5.5 
6.4 

‘65 

12  
11 

9 
50 

a 
12 
10 
14  

7 

9 
10 
1 4  

6 
9 

15 
10 
23  

5 
13 
10 
4 
3 

25 

55 

2 
15 
24 
31  

za 

-- 

Range of  count ing  
p rec i s ion  a t  

1 s t d  dev, 
% 

10-20 
5-10 

0.6-1 

8-12 

8-11 
12-30 

0.5 
12-33 

2 -3 
2 

8-15 

3-5 
10-12 

9-12 
3-4 

5 -a 

----- 

1-2 
25-33 

7-40 
3-5 
8-10 ___-_ 

----- 
33 
1 

1-13 
8-15 _-_-- 

TABLE 2.  - COMPARISON OF NBS STANDARD REFERENCE MATERlALS WITH PBR RESULTS 

NBS 610*/PBR NBS 612/PBR NBS 614lPBR NBS 616/PBR 

Antimony 
Cerium 
Cobalt 
Europium 
Gold 
Lanthanum 
Thorium 
Scandium 
S i lve r  

--- 
(39)/37?2 
(35) /31+1 
(36)/26+1 
(5 ) /4 ,7 t l  
(36)/35+15 
37.6+.09/31.2+1 --- 
22 .0+ .am+7  

(1.06) /1. It. 1 

0.73+0.02/0.59+.006 
0.99r.04/1.1?.6 
(0,5)/1.0,.8 
O.L3+.02/<2 
0.746+.007/0.58?.15 
0.59+.04/0.68t.23 
0.46+.02/0.57+.07 

--- 0.078t.007/0.12+.02 -_- 

--- 
--_ 

0.025+.004/0.018~.002 
0.026t.OU/Oc 020+ .004 

--- 
NBS va lues  i n  parentheses are in t e r im  va lues  f o r  var lous  reasons .  Others  are cer- 

t i f i e d  va lues .  
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(C) 

(D) COUNTING . (E) 
18 - 25 DAYS r-l DECAY I 

5 MINUTES 
FLUX 1 . 5 ~ 1 0 ~ ~  N/CM2-SEC 

COUNTING 1 
5 M I  N - 10 M I N  DECAY 
20 - 40 MIN DECAY + 

I (F) COUNTING I 

24 HOURS DECAY 
!I 

1 1  
(GI PA PER TAPE TO 

MAG TAPE CONVERSION 
ADD PREDATA INFO 

4 

1 
LOAD MAG TAPE INTO 
IBM-360 

EXECUTE "SPECTRA" ANALYSIS 
IBM-360 IANSWERS) 

X-Y PLOTS 
OF y-RAY PROGRAM LISTING 
SPECTRUM 

TRANSMIT DATA 

Figure l. - Flow chart showing scheme for sample irradiation, counting, and data reduction of coal samples. 
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X-RAY FLUORESCENCE ANALYSIS OF WHOLE COAL 

John K. Kuhn, William F. H a r f s t ,  and N e i l  F. Shimp 

I l l i n o i s  State Geological Survey 

In t roduct ion  
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development of r a p i d ,  a c c u r a t e  a n a l y t i c a l  methods f o r  t h e i r  determinat ion.  Because 
X-ray f luorescence a n a l y s i s  has  demonstrated i t s  usefulness  in the  determinat ion of 
major, minor, and t r a c e  elements i n  numerous types of materials, i t  was f e l t  t h a t  
this method could be extended t o  t r a c e  element determinat ions in whole coal .  I n  t h e  
p a s t  such analyses  have been s e r i o u s l y  hampered by t h e  lack  of s tandard samples. 
However, U. S. Environmental Pro tec t lon  Agency sponsored research,  which is being 
conducted i n  o u r  l a b o r a t o r i e s ,  has  generated a l a r g e  number of coa l  samples f o r  which 
t r a c e  elements have been determined by two o r  more independent a n a l y t i c a l  procedures 
(v iz .  o p t i c a l  emission, neutron a c t i v a t i o n ,  atomic absorpt ion and w e t  chemical 
methods). 
developed f o r  t h e  determinat ion of a number of t r a c e  and minor elements in pressed 
whole c o a l  samples. 

cence spectrometer. 
Labora tor ies  of t h e  I l l i n o i s  S t a t e  Geological Survey. 
r e p o r t  is  based w a s  p a r t i a l l y  supported by U .  S. Environmental Pro tec t ion  Agency 
Contract  60-02-0246. 

Using these  c o a l s  a s  s tandards,  a X-ray f luorescence method has been 

The instrument used i n  t h i s  p r o j e c t  was a P h i l l i p s  manual vacuum X-ray f luores-  
A l l  ana lyses  for t h i s  s tudy  were made in t h e  Analy t ica l  Chemistry 

The work upon which t h i s  

Prel iminary Inves t iga t ion  of Major and Minor Elements 
in Whole Coal and Coal Ash 

Two d i f f e r e n t  types of  mater ia l s  - coal  a s h  and whole c o a l  - were analyzed i n  

Whole coal was ground wi th  10 per  cent by weight of a binder  and pressed i n t o  
Sample 

t h i s  p r o j e c t ,  and sample prepara t ion  w a s  var ied  accordingly. 

a d i s c ,  which was used as t h e  a n a l y t i c a l  sample without f u r t h e r  t reatment .  
p repara t ion  techniques are given i n  d e t a i l  in I l l i n o i s  State Geological Survey 
Environmental Geology Note 61. 

respec t  t o  s o f t  X-rays emit ted by " l i g h t "  elements such as Mg, Si, A l ,  and C a ;  
however, f o r  elements "heavier" than B r ,  it was necessary to  increase  t h e  sample 
weight t o  a t t a i n  i n f i n i t e  sample thickness ,  i.e., no X-rays penetrated through the 
pressed c o a l  sample. 

e s t a b l i s h i n g  major element matr ix  information on coa l  ashes  t o  be a n a l  zed f o r  t r a c e  
elements by o p t i g a l  emission spectroscopy. 
icupcrawre (453 
(1973), were used f o r  t h i s  purpose, and the method of Rose, Adlerband Flannigan (1961) 
was adapted for t h e  determinat ion of major and minor elements (S i ,  Ti, A l ,  Fe, Mg. C a ,  
K, and V). The ins t rumenta l  parameters used f o r  these  elements a r e  given in Table 1. 
To a s s e s s  t h e  v a l i d i t y  of t h i s  procedure, a s e r i e s  of analyzed coa l  ashes  obtained 
f r o m  t h e  B r i t i s h  Coal U t i l i z a t i o n  Research Associat ion (BCURA) were analyzed along 
w i t h  t h e  two types of ash  prepared in our l a b o r a t o r i e s .  
ana lyses  were prepared from National Bureau of Standards rock s tandards (lB, G1, W1. 
No. 78, No. 79, No. 88) .  The values  determined f o r  t h e  BCURA coa l  ashes  were in 
e x c e l l e n t  agreement w i t h  publ ished r e s u l t s  of Dixon, Edwards, F l i n t ,  and James (1964). 
Standard devia t ions  were ca lcu la ted  f o r  dupl ica te  coa l  ash  determinat ions.  They were: 
si - .0715%, Ti - .0066%, A 1  - .0567%, Fe - .0493%, Mg - .0178%, Ca - .0282%, 
K - .0123%, P - .0074%, and V - 1.3 ppm. These devia t ions  a r e  comparable t o  "Class A" 
wet si l icate analyses and are i n d i c a t i v e  of a high degree of accuracy. 

Because of these encouraging r e s u l t s  and previous work on brown coa ls  by 
Sweatman, Norrish, and Durie (1963) and Kiss (1966), which ind ica ted  t h a t  major and 

It was found t h a t  two grams of c o a l  gave a d i s c  t h a t  w a s  i n f i n i t e l y  t h i c k  with 

Our use of X-ray f luorescence  w a s  o r i g i n a l l y  intended f o r  t h e  purpose of 

8 Both low temperature (<150 C) and high 
C j  c o a i  asnes, preparea a s  describned by kucn, Giuskocer, and rnimp 

Cal ibra t ions  f o r  these 
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minor elements could be determined in 
f o r  analysis. For each coal, a low temperature ash, a high temperature ash and the 
whole coal itself were prepared for X-ray fluorescence analysis sample preparation 
procedures. When all values were converted to the whole coal basis, the agreement 
among the three types of coal materials was excellent (Table 2) indicating that the 
simpler and more rapid whole coal technique is acceptable for the determination of 
major and minor elements. 

coal, a series of 25 coals were prepared 

Determination of Trace Elements in Whole Coal 

Trace element determinations on whole coal.have beenseverely handicapped by the 
lack of analyzed standards. Because of this it has been necessary to prepare 
calibration curves from samples analyzed in our laboratories by other independent 
methods. The accuracy of the X-ray fluorescence method is, therefore, limited by the 
accuracy of the methods used for obtaining the trace element concentrations that were 
employed in preparing the calibrations. 
adding known quantities of trace elements to ground whole coal prohibited the 
preparation of calibrations in that fashion. 

The "light" coal matrix of carbon, hydrogen and oxygen and the relatively small 
variation of "heavier" trace elements permits their determination with a minimum of 
interferences. Using the same whole coal procedures as previously described for the 
determination of major and minor elements, P, V, Cr, Mn, Co, Ni, Cu, Zn, AS, Br, Mo, 
and Pb have been determined directly in 50 whole coals. 

data indicate the precision obtained for the X-ray fluorescence analysis on duplicates 
of 15 samples of whole coal ground to -325 mesh. 
method was evaluated by calculating, from the 50 whole coals analyzed, the mean 
variation of each element* from its mean concentration as determined by the other 
independent methods previously mentioned (Table 5). Detection limits (three standard 
deviations above background) for each element are also,given in Table 5. 

The difficulties encountered in uniformly 

The relative errors f o r  all* elements determined are given in Table 4 .  These 

Accuracy of the X-ray fluorescence 

X-Ray Matrix Corrections for Analysis of Whole Coal 

Due to the lack of standards, variations in analyses made by other methods, and 
errors caused by coal sampling problems; it has been difficult to evaluate the need 
for X-ray matrix corrections and to select the best method for applying them. How- 
ever, corrections were necessary because some elements in whole coal such as Fe, Si, 
and S may vary considerably. 
inantly to all samples because it was impossible to determine the point at which 
matrix variations required a correction greater than the accuracy limits of the 
method. 
accurate results. As a result the elements Mg, Al, Si, P,  S, C1, K, and,Mo were left 
uncorrected. 
1968) they were shown to be adequate for our purposes (Table 2 ) .  The Ti and V values 
were corrected by using the variations in whole coal iron content. 

Sweatman, Norrish and Durie (1963). 
measuring the attenuation of the radiation in question by a thin layer of the sample 
to be analyzed. The mass absorption coefficient M was calculated by Cs.  

CX' 
where A = area of sample (cm'); W = weight of sample in grams; Cs = intensity in 
counts per second of the standard; and Cx = intensity in counts per second of the 
standard attenuated by the coal sample. Using these coefficients, a corrected value 
was obtained for the elements determined even when matrix variations were considerable. 
It should be noted that great care was taken to press the coals to a uniform thickness 
so that the mass absorption coefficient was affected only by density (for which 
compensation was made) and matrix considerations. 

For these elements, corrections were applied indiscrim- 

We elected to use the minimum number of corrections compatible with reasonably 

While these determinations probably could be improved (Berman and Ergun, 

The method of correcting the other elements for matrix variations was that of 
A total mass absorption was determined by 

= + 

* For completeness, whole coal minor element data are also included in the trace 
element tables. 
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Effect  of Coal P a r t i c l e  S ize  Upon Trace Element Analy t ica l  Prec is ion  

Our r e s u l t s  ind ica ted  t h a t  c o a l s  ground t o  -60 mesh d id  n o t  y i e l d  a c o n s i s t e n t l y  
acceptable  prec is ion  f o r  most t r a c e  element determinat ions.  Therefore, it w a s  
necessary t o  evaluate  t h e  e r r o r s  assoc ia ted  with the  determinat ion of t r a c e  elements 
in coals  ground t o  d i f f e r e n t  p a r t i c l e  s i z e s .  

ground t o  pass screens  of v a r i o u s  mesh s i z e s  (Table 6 ) .  
samples f o r  each mesh s i z e  were weighed and, then,  a l l  were f u r t h e r  reduced i n  s i z e  
by gr inding for 3 minutes i n  a No. 6 Wig-L-Bug. The f i n a l  gr inding of  a n a l y s i s  
samples e l iminated,  a s  n e a r l y  a s  poss ib le ,  any v a r i a t i o n  i n  t h e  pressed coa l  d i s c s ,  
which were subsequently prepared f o r  a n a l y s i s  according t o  Ruch, Gluskoter, and Shimp 
(1973). I n  a l l ,  over  1000 i n d i v i d u a l  determinat ions were made i n  t h i s  study. 

Table 6 gives t h e  combined means of t h e  d i f f e r e n c e s  between dupl ica te  t r a c e  
element determinat ions f o r  each coa l  p a r t i c l e  size analyzed. 
absolu te  d i f fe rences  (ppm) and t h e  means of the  r e l a t i v e  d i f fe rences  (absolute  
d i f fe rence  expressed a s  a percentage of the  concentrat ion)  are given. 
show t h a t  there is a progress ive  improvement i n  p r e c i s i o n  with decreasing coa l  p a r t i c l e  
s i z e .  

The ranges of r e l a t i v e  d i f f e r e n c e s  between d u p l i c a t e  analyses  f o r  a number of 
t r a c e  elements a t  t h r e e  c o a l  mesh s i z e s  are given i n  Table 3 .  
B r ,  t h e  ranges are narrower f o r  t h e  -200 and -325 mesh s i z e s  than they a r e  f o r  t h e  
-60 mesh coa l .  

Progressive reduct ion  in c o a l  p a r t i c l e  s i z e  from -60 t o  -400 mesh r e s u l t e d  i n  
the  improvement of p r e c i s i o n  f o r  a l l  elements except B r .  
elements w a s  reduced below 5% f o r  c o a l  ground t o  pass  a -200 mesh s ieve .  

on -200 mesh c o a l .  
t h i s  w i l l  usual ly  be unnecessary except f o r  ana lyses  t o  be  used as standard va lues  o r  
o ther  s p e c i a l  purposes. Var ia t ions  i n  t h e  o r i g i n a l  f i e l d  sampling of coa l  would 
probably negate any improvements i n  p r e c i s i o n  t h a t  might be gained from grinding 
below the  -325 mesh size. 

i t  is f e l t  that i t  should a l s o  apply t o  any method in which a l imi ted  sample (- 3 grams 
or l e s s )  is taken f o r  a n a l y s i s .  

Nine coals ,  represent ing  a range of trace element concentrat ions,  were c a r e f u l l y  
Duplicate  two gram coal  

Both the  means of t h e  

The r e s u l t s  

With t h e  exception of , 

The combined mean f o r  a l l  

These data i n d i c a t e  t h a t  f o r  most purposes acceptab le  prec is ion  can be obtained 
Fur ther  improvement is  achieved on grinding t o  -325 mesh, but  

While t h i s  s tudy appl ied  d i r e c t l y  t o  X-ray f luorescence a n a l y s i s  of whole coa l ,  

Discussion and Conclusions 

Good agreement of whole coa l  r e s u l t s ,  a s  determined by X-ray f luorescence,  was 
obtained wi th  those va lues  determined by severa l  o ther  independent methods (Table 5). 
Some var ia t ions  among t h e  methods were found t o  occur a t  t h e  higher t r a c e  element 
concentrat ions,  e s p e c i a l l y  f o r  t h e  more coarse ly  ground coa ls .  Because t h i s  was t r u e  
not  only of the X-ray f luorescence  method, bu t  a l s o  of t h e  o ther  methods inves t iga ted ,  
i t  w a s  f e l t  that t h e  v a r i a t i o n s  were d ~ i e  t n  aarn?l*ng P T T C ~ S  cccse? hy the XC_.I~TB:C~ 

of d i s c r e t e  mineral p a r t i c l e s  such as p y r i t e  and s p h a l e r i t e  i n  whole coa l .  This  has 
now been demonstrated t o  be  t r u e  by geologis t s  a t  the  I l l i n o i s  S t a t e  Geological Survey 
using t h e  scanning e l e c t r o n  microscope. 

f luorescence method descr ibed in t h i s  repor t  a r e  l imi ted  t o  those elements occurr ing 
i n  whole coa ls  at  concent ra t ions  of a few p a r t s  per  mi l l ion  or  grea te r .  
as Se, Hg, and Sb, which a r e  usua l ly  present  i n  whole c o a l  a t  l e v e l s  below one ppm, 
are not capable of being determined by t h i s  method. 

Our r e s u l t s  i n d i c a t e  t h a t  X-ray f luorescence provides a highly usefu l  t o o l  f o r  
rap id  and reasonably a c c u r a t e  a n a l y s i s  of whole c o a l  f o r  t r a c e  elements. 
t h e  speed and s i m p l i c i t y  of t h e  method, i t  is highly  adaptable  t o  l a r g e  s c a l e  surveys 
of c o a l  resources .  While t h e  l i m i t a t i o n s  of t h i s  simple procedure may preclude the  
determinat ion of c e r t a i n  e lements ,  t h e  time-saving f a c t o r  over o ther  methods (40 or  
50 t o  1 in the case of B r  by neutron a c t i v a t i o n )  without l o s s  of accuracy may w e l l  
make X-ray f luorescence t h e  method of choice f o r  many elements. The a v a i l a b i l i t y  of 
improved equipment, such as nondispersive systems and automation, could extend t h e  
a p p l i c a t i o n  of X-ray a n a l y s i s  to  a dominate p o s i t i o n  f o r  t h e  determination of t r a c e  
elements i n  w h o l e  coa l .  

It is apparent from Table 5 t h a t  t r a c e  elements determined by the  X-ray 

Elements such 

Because of 

I 
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E l  e m e n  t 

s i  
A 1  
T i  
F e  
Ca 
K 

V 
S 
c 1  
P 
N i  
c u  
Zn 
P b  
Br  
AS 
co 
Mn 
Mo 

Mg 

C r  

TABLE 2 - 

E l e m e n t  

si 
A1 
T i  
Fe 
C a  
K 
P 
Mg 
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TABLE 1 - SPECTROMETER PARAMETERS 

2 8 A n g l e  B a c k g r o u n d  2 8 

K L 3  & K L p  108.01° 111. 0l0 
K L 3  & K L 2  142.42 145.95 
K L 3  & KLz 86.12 89.12 
K L 3  & KL? 57.51 60.51 
K L 3  44.85 47.95 
KL3 & KL2 50.32 53.90 
K L Z  3 136.69 139.69 
K L 3  & KLz 76.93 80.93 
K L 3  6 K L 2  75.24 78.38 
K L 3  64.94 67.94 
K L 3  & K L Z  110.99 113.99 
K L 3  & K L 2  48.66 50.36 
K L 3  & K L n  45.02 49.67 
K L 3  6 KLz 41.79 44.25 
L 3 N 5  & LpMb 28.24 31.24 
K L 3  & K L p  29.97 35.12 
K L 3  & KL2 34.00 , 37.00 
K L 3  & KLz 52.79 53.79 
K L 3  & K L 2  62.97 63.97 
K L 3  & KLz 20.33 19.83 

‘20.83 
KL3 & K L p  69.35 68.35 

MEAN ABSOLUTE VARIATION 
BETWEEN RAW COAL AND ASH 

(X) A v e r a g e  (X) Maximum 
D i f f e r e n c e  D i f f e r e n c e  

.10 .24 
.08 .12 
.012 .030 
.10 .17 
.04 .12 
.02 .04 
.002 .005 
.OlO .015 

C r y s t a l  

EDDT 
EDDT 
L i F  
L i F  
EDDT 
EDDT 
ADP 
L i F  
EDDT 
EDDT 
G e  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  

L i F  

X-Ray T u b e  

C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
W 
W 
W 

W 

PHA Volts 
B a s e  Window -- 
7 17 
5 17 
5 18 
5 25 
14 30 
14 21 
4 8 
5 16 
12 18 
11 19 
9 15 
10 27 
11 28 
10 22 
22 28 
25 23 
24 23 
13 16 
8 12 
36 40 

7 15 

TABLE 3 - RANGE OF RELATIVE ERRORS I N  
PERCENT AT THREE WHOLE COAL 
PARTICLE SIZES 

E l e m e n t  -60 M e s h  -200 Mesh -325 Mesh 
~~ 

V 
P 
N i  
cu  
Zn 
Pb 
AS 
B r  

0.0 - 10.0 .3 - 5.0 .3 - 4.0 
2.0 - 18.0 2.0 - 10.0 1.5 - 7.5 
1.5 - 25.0 .O - 20.0 1.5 - 8.0 
.8 - 20.0 1 .2 - 1.0 .2 - 1.0 

1.2 - 25.0 1.2 - 12.0 .1 - 6.5 
-4 - 23.0 1.2 - 9.5 .4 - 5.0 
.1 - 6.0 .1 - 4.0 0.0 - 1.5 

0.0 - 4.0 0.0 - 3.5 0.0 - 3.0 
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TABLE 5 - COMPARATIVE ACCURACY FOR WHOLE COAL 
AND LIHITS OF DETECTION , 

TABLE 4 - DEVIATIONS ON -325 M 
WOLE COAL 

Element 

A 1  
s i  
S 
c1 
K 
Ca 

Fe 
Mg 

T i  
V 
Ni 
cu 
Zn 
AS 
Pb 
B r  
P 
co 
Mn 
C r  
Mo 

Standard 
Deviation 

D e r  cent 

.021794 

.05319 

.013038 

.0035496 

.00370135 

.005291 

.002097 

.021977 

a?!!! 
4.1580 
1.5801 
1.11744 
.74833 

3.6105 
.94291 

1.5286 
.39047 

3.4066 
.4300 

4.1429 
1.1402 
3.1080 

R e l a t i v e  
Devia t ion  (%) 

1.77 
1.96 

1.13 
2.26 
1.65 
3.88 
1.26 

.532 

.564 
3.84 
4.29 
3.92 
1.37 
2.49 
2.29 
2.11 
10.92 
4.79 
7.53 
4.35 
23.9 

A1 
si  
S 
c1 
K 
Ca 

Fe 
Mg 

z i  
V 
N i  
cu 
Zn 
As 
Pb 
Br 
P 
c o  
Mn 
Cr 
Mo 

f .08 
f .10 
f .04 
f .01 
f .02 
f .04 
f .010 
f .10 

l!E 

f 6.3 
f 3.1 

' f 1.9 
f 2.5 
f 23. 
f 4.3 
f 7.7 
f 1.0 
f 15. 
f 1.3 
f 3.4 
f 2.1 
f 5.2 

TABLE 6 - MEAN ERROR FOR ALL ELEMENTS AT . 
VARIOUS COAL PARTICLE SIZES 

( X )  Error  of Mean 
E Eirmrnt Concencracion M-"L - a - -  .."I.. " I U S  

-60 M f 3.05 
-100 M f 2.11 
-200 M f 1.26 
-325 M f 1.12 
-400 M f 1.02 
<<400 M f .93 

8.47 
6.38 
4.28 
2.62 
1.56 
1.40 

Limi t  of 
Detec t ion  

y r L  E r l l C  
_ _ _  _ _ _ -  
.012 
.016 
.003 
.0015 
.003 
.0005 
.015 
.005 

7.5 ppm 
2.5 ppm 
3.5 ppm 
1 PPm 
2 PPm 
3.2 ppm 
1.8 
.5 

2.5 
4.5 
1.5 ppm 
5 PPm 

15 P P ~  
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TRACE IMPURITIES I N  FUELS BY ISOTOPE DILUTION MASS SPECTTIIONETRY 

J. A. Carter, R. L. Walker and J. R. Si t e s  

Oak Ridge National Laboratory* 
Post office nnu v 
Oak Ridge, Tennessee 37830 

INTRODUCP ION 

Elements considered tox ic  t o  l iving organisms are present from t h e  low ppb 
t o  the high ppm concentration range i n  coal and o ther  fuels  used as energy sources. 
With over half of the consumption of coal being used by large central  power s t a -  
t i ons ,  the concentrated quan t i t i e s  of such poten t ia l ly  harmful elements as Hg, Cd, 
Pb, U and others a r e  appreciable. I n  the USA, f o r  example, with an average annual 
coal consumption of over 500 mill ion tons,  any element present i n  coal a t  the 1 
ppm leve l  generates a waste problem of 500 tons. Many of the e l e k n t s  of i n t e r e s t  
are  concentrated i n  the pa r t i cu la t e  f l y  ash or  i n  t h e  bottom slag.  The use of 
e f f i c i e n t  e l ec t ros t a t i c  p rec ip i t a to r s ,  however, prevent most of the f l y  ash from 
being dispersed i n t o  the atmosphere. The f l y  ash and the bottom s l ag  then become 
a storage and containment problem. 

The major t h rus t  of t h i s  research e f f o r t  has been t o  demonstrate t h e  capabili-  
t i e s  of spark source and thermal emission m a s s  spectrometry fo r  determining the 
f a t e  of trace elements i n  coal f i r e d  central  power plants.  Additionally, isotope 
d i lu t ion  methods f o r  the analyses of Pb, Cd and Hg i n  gasolines and o ther  petroleum 
fuels  have been developed and used f o r  referee and evaluation purposes. 

E WE RIMENTAL 

Spark Source Mass Spectrometry 

The spark source m a s s  spectrometer ( S S E )  i n  t h i s  research w a s  a commercial 
Mattauch-Herzog double focusing instrument; a schematic representation is shown i n  
Fig. 1. In a SSMS analysis ,  an ion beam of the substance being investigated is  
produced i n  a vacuum by ign i t ing  a spark between two conductors employing a pulsed 
high-frequency po ten t i a l  of 50 kV. During t h i s  process,  the electrode substance is  
evaporated and ionized. The produced ions are accelerated through the source slits 
by a constant po ten t i a l  of 25 k V  in to  an e l e c t r o s t a t i c  r ad ia l  f i e l d  which functions 
LZ eiiei-qi 2iiLea. & tire iuna paua Grougn the  magnetic f i e i d ,  defieccion occurs 
so t ha t  a s p l i t t i n g  of t h e  ion beam takes place according t o  the mass-to-charge ra- 
t i o ;  these charged p a r t i c l e s  impinge i n  focus on an ion-detector (photographic p l a t e  
o r  photo mult ipl ier)  t o  form the mass spectrum. From the posit ion of t h e  l i nes  and 
the r e l a t ive  in t ens i ty ,  elemental i den t i f i ca t ion  and abundance measurements can be 
made when the t o t a l  ion beam current is  known; t h i s  t o t a l  ion cur ren t  is measured 
by a monitor located j u s t  ahead of the magnetic analyzer. The resolution of the 
AEI-702R instrument used was grea ter  than 3000. 
were used t o  record the mass spectra.  

*Operated for the U. S. Atomic Energy Comission under contract  with the  Union Car- 

I l f o r d  Q-2 photographic emulsions 

bide Corporation. 



, 

79 

Conducting e lec t rodes  f o r  general  scan analyses were prepared by mixing the  
pulverized coal o r  f l y  ash with an equal amount of pure Ag powder (99.999% Ag). 
The homogenized mixture was then pressed i n  polyethylene s lugs  i n  an i s o s t a t i c  
electrode die a t  25,000 p s i  f o r  1 min. The nominal e lec t rode  s i z e  was 1 cm x 0.15 
cm. Sets  of graded exposures were made from these electrodes so that the  concen- 
t r a t i o n  range from 0.03 ppm up t o  t h e  percent range was cov ?fed. Photoplates were 
in te rpre ted  according t o  the techniques given by Kennicott. I n  f l y  ash and coal 
samples, Fe w a s  determined chemically so the  isotopes of Fe @pld be  used as an in-  
t e r n a l  standard. Computerized s e n s i t i v i t y  values were used. 

Isotope Dilution By Spark Source Mass Spectrometry 

A unique and qu i t e  d i f f e ren t  approach t o  t h e  determination of trace elements 
i n  so l ids ,  l iqu ids  and gases involves the  use of the isotope d i lu t ion  technique. 
This method has been operational f o r  some time with mass spectrometers, using ther -  
mal ion iza t ion  sources f o r  so l id s  and e lec t ron  bombardvent sources f o r  gases,  giving 
accurate r e su l t s  with small samples; however, no t  u n t i l  recently has  it b e y  used 
f o r  analyzing environmental samples with spark source mass spectromete The 
general  method of isotope d i lu t ion  has been described by Hintenberger.f'' For each 
element t o  be determined, an enriched isotope, usually of minor abundance, is mixed 
with the  sample. The i so top ic  r a t i o s ,  a l t e r ed  by sp ike  additions,  are then meas- 
ured on a portion of t he  sample by m a s s  spectrometry. Even though t h e  method is  
l imi ted  t o  elements having two o r  more na tura l ly  occurring or long-lived isotopes,  
it possesses the g rea t  advantage over other ana ly t ica l  techniques o f  being very 
sens i t i ve  and accurate, and r e l a t ive ly  f r ee  from in te r fe rence  e f fec ts .  Thermal 
source and e lec t ron  bombardment m a s s  spectrometers a r e  well  su i ted  fo r  isotope dilu- 
t ion ,  but they display very d i f f e ren t  s e n s i t i v i t i e s  f o r  various elements: whereas 
spark source mass spectrometers have s imi l a r  s e n s i t i v i t i e s  fo r  a l l  elements and can 
therefore be used without de le te r ious  e f f e c t s  from a complete matrix change. 

'Fig. 2 shows a m a s s  spectrum ofl@ylmium spiked with enriched lo6Cd. The s o l i d  
l i n e  a t  posit ion 106 represents t he  Cd spike and t h e  dashed l i n e s  represent t h e  
r e l a t ive  abundances f o r  t he  other Cd i@topes. The dashed l i ne  a t  juxtaposit ion 
a t  106 is  the  r e l a t ive  abundances of Cd as it occurs i n  nature. Table I shows 
the  IBM 1130 computer programmed output fo r  a t yp ica l  isotope d i lu t ion  analysis.  
The program i s  f l ex ib l e  i n  t h a t  the  spike s i z e ,  sample s i z e ,  spike composition, and 
percent transmittance can all be variables.  The three  s e t s  of da t a  under, 106 and 
114 a re  percent transmittance fo r  three photoplate exposures taken, and the  r e su l t s  
a re  reported i n  nanograms pe r  gram. 

Isotope Dilution By Thermal Emission M a s s  Spectrometry 

For the quant i ta t ive  measurement of Pb and U i n  coal and f l y  ash and Pb i n  
gasoline,  a three-stage thermal emission mass spectrometer ( T E E )  w a s  used (Fig. 3). 
The Vgic design of the instrument is  based on t h a t  developed by White and Collins 
1454 
creased the abundance s e n s i t i v i t y  t o  10 a s  described by S m i t h  e t  a l .  

and modified a t  OWL. The add i twn  of an e l e c t r o s t a t i c  t h i r d  ?&ge in- 

The two magnetic s tages  a re  30-cm radius followed by an e l e c t r o s t a t i c  ana- 
lyzer  with a radius of 43.25  cm. The vacuum system is of all-metal construction 
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and is bakeable t o  3OO0C. The analyzer region 4 the  instrument is pumped with 
ion  pumps and i s  maintained a t  a pressure of 10 to r r .  A combination t i tanium 
sublimatiog-ion pump is  used t o  obtain operating ~ f r f ~ s u r e s  in  the source region 
i n  the 10 t o r r  range. i e r  thick-lens source,  used i n  conjunction w i t h  a 
sample wheel arrangement,48y makes it possible t o  analyze as many as ten samples 
per day. 

s l i t .  
used i n  the time base mode. 
with respect t o  sample s i ze .  Mass measurements are made by sweeping the  acceler-  
a t i n g  voltage across the region of i n t e r e s t ,  233 through 238 f o r  U: 204 through 
208 f o r  P b .  The detelminations of uranium and lead i n  coal and f l y  ash and P b  i n  
gasoline, both q u a n ~ 4 5 a t i v e l ~ , , ~ d  isotopical ly ,  are done by isotope d i lu t ion  w i t h  
enriched spikes of U and Pb. 

Ions are de tec ted  by a secondary electron mul t ip l ie r  behind the receiver 
The pulses from t h e  mul t ip l ie r  a r e  accumulated i n  a 400-channel ana lyzer  

This arrangement allows t h e  m a x i m u m  s e n s i t i v i t y  

Pb Analysis by T E E .  Lead Y H y s e s  a re  made u t i l i z i n g  the gel technique 
described by Cameron et ‘al. 1969. Lead ions are thermally produced a t  rhenium 
filament temperatures ranging between 1100-1300OC depending soinewhat on t h e  sample 
s i ze .  A loading of 10 nanograms provides enough sample t o  allow an analysis con- 
s i s t i n g  of 10 runs of 200 sweeps across the masses of i n t e r e s t .  

U Analysis by TEH. Uranium ions are  thermally produced a t  rhenium filament 
temperatures ranging from 1700-1850°C. Small quan t i t i e s  (10-100 nanograms) of 
uranium i n  the form of UO (NO ) produce s u f f i c i e n t  ions fo r  a prec ise  analysis.  
A benzene reduction proce%ure% been developed a t  ORNL w h i c h  produces only metal 
i on  signals.  This procedure produces a very clean uranium spectrum and increases 
t h e  sens i t i v i ty  of t h e  measurement. As i n  the  analysis of lead, an analysis con- 
sists of a t  least 200 sweeps across the masses of i n t e re s t .  

Preparation of Coal and Fly Ash f o r  Isotope Dilution 1 sis. .&parate ali- 
quots of coal and f l y  ash are  weighed out and spiked w i t h  %kd 
t ive ly .  
a r e  ident ical  except coal is ashed a t  45OoC before chemical treatment. The Samples 
are dissolved with a mixture of HF-HNO -HC1O4 i n  Teflon beakers. 
a ra ted  by dithizone extract ion,  evaporhed t o  dryness, redissolved i n  d i lu t e  HNO 
and 10 ng loaded on filaments with s i l i c a  ge l  f o r  mass analysis.  

The uranium i s  separated a f t e r  dissolving the sample as described fo r  lead  by 

U, respec- 
The chemical t r e a t w n t  and ext rac t ion  of Pb and U from coal and f l y  ash 

The lead is sep- 

3 

ext rac t ion  w i t h  TBP from 4 E HNO . 
H N 0 3 ,  the uranium is  b a d  e x t r a d e d  i n t o  d i s t i l l e d  water and evaporated t o  dryness. 
The uranium is loaded on a rhenium filament by dissolving the pu r i f i ed  sample i n  a 
small volume of 0.05 M H N O -  fo r  analysis.  

After t he  organic phase is scrubbed with 4 fi 

Preparatipn of Gasoline for  Isotope Dilution Analysis. Aliqnots of gasoline are 
spiked with -“-Pb and t r ea t ed  by e i the r  a w 
t i o n  method described by Griffing and Rozek 

emical method or the bromine oxida- ?!OF 
The w e t  chemical procedure consisted of refluxing f i r s t  with HN03 u n t i l  t h e  

i n i t i a l  reaction subsided, then HClO was added t o  the flask and the r e f lux  con- 
t inued  u n t i l  the reac t ion  w a s  complete. 
inorganic lead was f i n a l l y  evaporated t o  near dryness, diluted to  a su i t ab le  Pb 
concentration w i t h  d i l u t e  HNO and loaded onto Re filaments f o r  M.S. 

Ihe resu l t ing  so lu t ion  containing the 

3 
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In  the bromine method, B r  i n  CC1 'was added to the gasolines i n  a t e s t  tube. 
Complete conversion t o  lead brzmide w a i  assured by heating. 
bromide prec ip i ta te  w a s  dissolved with d i l u t e  ?.1 HNO The mixture w a s  cen t r i -  
fuged and the  organic layer  discarded; the aqueous sol&ion was adjusted f o r  M.S. 
analyses. 
much e a s i e r ,  f a s t e r  and has l e s s  p o s s i b i l i t y  f o r  contamination. 

The resu l t ing  lead 

Ei ther  of the  procedures works s a t i s f a c t o r i l y ,  bu t  the B r  method i s  
2 

RESULTS AND DISCUSSION 

The bulk of the  samples f o r  t h i s  study came from TVA's Allen  Steam Plant a t  
Memphis, Tennessee. The sampling points  (Fig. 4) included i n l e t  air, coal, bottom 
ash, prec ip i ta tor  i n l e t  and o u t l e t  a t  the  268-ft. stadc level .  During the t w  
sampling period the  u n i t  was operated under steady s t a t e  conditions a t  240 MW 
with a uniform coal supply so t h a t  a m a s s  balance might be establ ished f o r  a number 
of elements. All the coal from southern I l l i n o i s  w a s  washed and crushed by TVA so 
t h a t  90% was <4 mesh. Nominal coal analysis  indicated t h e  following composition: 
9.5% moisture, 34% v o l a t i l e s ,  43% fixed carbon, 13% ash and 3.4% sul fur .  

? i Y P  

The isotope d i lu t ion  r e s u l t s  i n  Table I1 are on f u e l  source samples considered 
homogeneous; these samples were obtained from NBS. The r e s u l t s  in  Table I11 a r e  
from the sampling points  as indicated i n  Fig. 4. These summarized r e s u l t s  a re  
mostly by the SSMS general scan technique; the  general scan technique has an esti- 
mated accuracy of b e t t e r  than f50 percent, w h i l e  the  isotope d i lu t ion  measurements 
a re  l imited by the emulsion detector  t o  f3-5%. The r e s u l t s  are i n  terms of grams 
of metal flow per  minute. The mass balance f o r  the  various elements w a s  computed 
by the following equations : 

Q (m)  = C (m) X ( g  coal/min) (1) 

Qba(m) = S a ( m )  X (g  ash i n  coal  - g f l y  ash/min) (3) 

Imbalance, % = (QPi + 'ba - *c) loo 

QC 

(4) 

where Q ( m ) ,  Q(m)  & QLZ) are flow r a t e s  of metal (m) i n  g min-' f o r  coal ,  precipi-  
t a t o r  i h e t  an%ibottom ash, respect ively,  and C(m) is  concentration i n  wei h t  frac- 
t ion.  Cog1 consufption during the  sampling w a s  a t  a r a t e  of  82.5 tons h r  
1.25 X 10 g min , and the  f l y  ash flow r a t e  was measured a t  4.9 X 10 g min . 

-B 
, of: 4 

The metal balance f o r  a l l  the  elements analyzed by mass spectrometry i s  good, 
bu t  on the average shows a negative imbalance of 20%. Metals showing high imbalance, 
i .e. ,  Hg, As and Se probably were i n  the  gaseous s t a t e  a t  the sample points .  An 
example of t h i s  waslthe case f o r  Hg i n  which a prec ip i ta tor  o u t l e t  sample showed a 
flow of 0.02 g min , and a t  a po in t  of t h i s  sampling the  par t icu la tes  are  much 
cooler than the f l y  ash a t  the p r e c i p i t a t o r  i n l e t .  
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The average imbalance f o r  the elements measured by isotope d i lu t ion  mass 
spectrometry with lower volati l i ty showed an imbalance range from -8% t o  +12%t 
these r e s u l t s  ind ica te  the usefulness of  m a s s  spectrometry i n  evaluating environ- 
mental i m p a c t s .  
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Table I 

Sample Computer Output for Cadmium by Isotope  
Dilution Spark-Source Mass Spectrometry 

CD 106 114 VOL CONCK 

S P I K E  880400 2.500 1 000 1.000 
SAMPLE 10220 28r900 lrOOO 

SAMPLE NANO-GM 106 114 

5 SOIL 318R 40050000 19.3 16.2 
5 SOIL 318R 4032 0000 46.9 4103 
9 SOIL 318R 393.30000 64.6 60r0 



Sample Type 

coal 

Fly Ash 

Gasoline (a) 

Fuel O i l ( a )  

a5 

Table I1 

ISOPOPE DILVTION RESULTS 

Concentration, w t  ppm 
U Pb Pb cd 

TEMS TEMS SSMS s SMS 

1.22 28 0.28 
1.18 26 0.34 
1.22 28 0.32 
1.22 30 0.32 

11.9 
11.7 
11.6 
11.6 

285 (b) 
282 
2 84 
283 

79 1.8 
78 2.2 
79 1.9 
76 1.5 

284 c.01 
284 c.01 
2 85 - 
2 79 - 

0.27 0.022 
0.28 0.021 
0.26 0.018 
0.23 - 

( a ) ~ $ u l t s  i n  ug/ml; 

( b ) W e t  oxidation; 

( " B r  'oxidation with TEMS. 
2 
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T a b l e  I11 

IMPURITY MASS FLCW I N  A STEAM PLANT 

( F L ~  r a t e  i n  g min-5 

.. . 
Bottom Prec ip i ta tor  Imbalance 

Element Coal Ash I n l e t  % 

A l  

Ca 

Fa 

K 

M9 
N a  

T i  

Mn 

As 

B e  

Cda 

cu 
Pba 

N i  

Sb 

Se 

V 

Zn a 

Hga 

13,000 

6,000 

25,000 

700 

- 1,800 

3 70 

880 

130 

6.2 

<5 

0.63 

63 

9.3 

< l o o  

7.5 

37 

110 
b 

0.08 

5,500 

3,300 

10,000 

5 50 

770 

220 

220 

110 

0.22 

c1.1 

0.30 

22 

0.45 

55 

0.8 

2.2 

11 

2.0 

0.ooP 

7,300 

1,500 

4,900 

340 

340 

150 

240 

34 

2 

0.83 

0.28 

19 

10 

24 

0.5 

1 

17 

100 

0.007 

- 1.5 

-20 

-40 

+27 

-38 

0.0 

-48 

+11 

-64 

-- 
- 7.9 

-35 

+12 

-21 
-- 

-5 8 

-24 

- 1.3 
* 

a- b 

*Most Hg flow is  i n  stack gas. 

rsocope &iucion; Atomic msorp t ion;  OPpt o u t l e t  0.02. 
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FIGURE CAPTIONS 

Figure 1. Schematic diagram of a double focusing spark-source mass spectrometer. 

Figure 2 .  Computer plot of a cadmium spectrum spiked with enriched lo6Cd. 

Figure 3. Schematic diagram of the three-stage mass spectrometer. 

Figure 4.  Schematic diagram of a TVA coal-fired steam plant. 



88 

I 
I 
I 

I 



89 

W 

p3 

rr) 
r- 

c - 
I 

I 
1 

L 

1 :IQ 



90 



91 

t 



92 

TRACE IMPURITIES IN COAL 

E. N. Pollock 

Introduction 

A; trace impuri t ies  in the environment become of increasing concern, 

those rna:eriai5 that can have important impact on the  environment a r e  

coming =>der  careful  scrutiny. Coal, along with the other sources  of 

energy, is a ma te r i a l  of major  interest .  The Federa l  Environmental 

Protectfor! Agency is developing a growing l i s t  of environmental 

contarnL?zn:s that will  have to be monitored in  the energy  sources.  

include s l s rcury ,  beryl l ium and asbestos  presently,  but other elements 

that  have andesirable  physiological effects on plant and animal life such as 

cadmium, arsenic ,  lead and fluorine will receive increasing attention. 

These  

The determination of potentially toxic elements in coal has received 

l i t t l e  effort'in the past .  In many cases  ear ly  information was unreliable 

because of poor methodology. 
- 

Coal is a complex mater ia l  containing both 

organic  and i io rganic  phases  and analyses in the past  have suffered from 
both losses  and contaminations in dissolution. 

analysis.  :he determination of elemental form,whether inorganic or 

organicall>- bound,will condition the e n v i r o F e n t a l  impact. The  investigators 

Beyond the elemental  

' .  in the determination of m e r c u r y  in coal have experienced a l l . these  problems 

in attemptizg to follow the mass balance of m e r c u r y  in the combusfion of coal.' 

This  paper i s  s t i l l  only concerned with elemental  analyses. However, 

methods .;:-ere investigated for most elements that  could be potential environmental 
,', 

' po1luten;s. 

Tvvo different general  analytical  techniques were  employed: m a s s  

spectror-e:rj-  and wet chemical methods. Six elements  were  determined by 

. m a s s  s p z t r o r n e t r y  and seventeen elements were  determined by a variety 

of r e t  chex ica l  methods. 



93 

T r a c e  Elements by Spark Source Mass Spectrometry 

The spark  source  m a s s  spec t romet r ic  (SSMS) technique is one of 

the  most sensitive instrumental  methods fo r  determining inorganic impur i t ies  

i n  a variety of mater ia l s?  Since the advent of e lec t r ica l  detection. th i s  

method has  become much m o r e  rapid and reliable . A method h a s  been 

developed f o r  the determination of six elements of toxicological i n t e re s t  

and correlation between these impurit ies i n  the original coal and the 

2 

coal ash, will be shown. 

t ime  for  coal, al l  m a s s  spec t romet r ic  data is compared to a tomic  

absorption spectrophotometry (AAS) values determined on the  s a m e  samples .  

Relative standard deviations a r e  on the order  of 6 to 15% for  t he  m a s s  

spec t romet r ic  data and 2 t o  3% fo r  the atomic absorpticn values. 

Since no p r imary  standards a r e  available at th i s  

Experimental  

An AEI MS-7 spark  source m a s s  spec t rometer  equipped with e lec t r ica l  

detection was  used in this study. 

with manufacturer’s accessor ies  and modifications has been descr ibed  

previously and will not be detailed h e r e  . 
peak- switching mode only to provide more prec ise  analyses.  

operating pa rame te r s  a r e  given in  Table I. 

for each p rese t  position on the peak switches (each position corresponding 

to  a different isotope to be determined) was displayed on a digital voltmeter.  

These intensity values were  then used to calculate the actual concentration. 

A description of this appara tus  complete 

2 
The instrument was  used i n  the 

The ins t rument  

The integrated multiplier cu r ren t  

Standard and Sample Prepara t ion  

Since no p r imary  s tandards  were available at the t ime of th i s  

investigation, A A S  mas used to  provide analyses on severa l  different coals 

s o  that they could be  used as secondary standards.  Representative portions of 
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each sample and s tandard  were  obtained by grinding and splitting. 

samples  thus obtained (e 100 mesh) were then weighed into porcelain 

crucibles and placed into a vented cold furnace and the  t empera tu re  i s  

elevated to 300 C in one-half hour. The tempera ture  was  then ra i sed  to  

550 C for one-half hour  and then to 85OoC f o r  a n  additional hour.  

crucibles were  then removed f rom the furnace and the a s h  d r y  mixed with 

a g las s  s t i r r ing  rod. The crucibles were  then re turned  to the furnace at 

850 -C without venting until ashing was completed (usually one additional. 

hour). 

pestle and diluted with two pa r t s  of high purity graphite. 

graphite were placed in polystyrene vials with two or t h r e e  1 /8" diameter  

polystyrene beads and  mixed i n  a spex mi l l  f o r  twenty minutes. 

were  prepared f r o m  the powtlers using the  AEI briquetting die and polyethylene. 

The 

0 

0 The 

0 

Samples f o r  SSMS w e r e  reground with a boron carbide mor t a r  and 

The samples  with 

Electrode's 

slugs. 

Once the e lec t rodes  had been prepared, they w e r e  placed in the source  .. 

of t h e  instrument using a standardized mounting procedure.  Repetitive 

exposures w e r e  then recorded  for  each element of in te res t  in the standards 

and unknowns'. 

relationship: 

. .  
The concentrations were calculated f r o m  the  following 

m-h e r e C and C a r e  the concentrations, the subscr ip ts  s and x 
X 

r e f e r  to the standard and unknown, respectively: 

I and I a r e  the intensities (integrated multiplier currents).  
X 

Resul t s  and Discussions 

One of the questions posed by the d r y  ashing of coal is whether or not 

some  of the e lements  may b e  lo s t  through volitilization during the  combustion 

process .  ,A comparison of wet ashing and d r y  ashing of some  of the 

elements analyzed in th i s  study i s  given in  Table 11. Th i s  data i s  based 
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solely on atomic absorption analyses. As can be  seen  f r o m  the table, the 

agreement between the two se t s  of data is generally ve ry  good. Th i s  would 

s e e m  to indicate that none of these  particular elements a r e  los t  during the 

d r y  ashing of coal. 

s a m e  generalization fo r  all elements since these  are the only elements 

determined by both ashing techniques during th i s  investigation. Kometani, 

et. al. 

many elements during d r y  ashing; and since coal contains appreciable amounts 

of sulfates, this may help to explain the agreement between the two methods 

of ashing. Vapor p re s su re  data a l so  imply. that these meta ls  could possibly 

be  present a s  oxides or si l icates.  

varied f rom 5 to 25% according to  the geographical location, the s tandards  

for the SSMS analysis were chosen so a s  to coincide with the approximate 

a r e a  from which the actual samples were taken. Table 111 i s  a comparison 

of the AAS and SSMS data obtained on ten different coal samples  f rom three  

or four different geographical a r eas .  

concentration in the whole coal whereas  the analysis was performed on the 

ash.  Again, there  i s  generally very  good agreement between the two 

different methods used. This data a l so  shows that hydrocarbon interference 

is not a problem at these  concentration levels. A very  volatile element such  

as mercury could not  be analyzed us ing  th i s  method a s  it has  been postulated 

that it i s  pumped away during heating caused by the excitation process,  

depending upon the pa rame te r s  selected.  

detection has  proven to be  an acceptable method of analysis.  

important aspect of this study was the t ime involved pe r  sample.  

and standard preparation (including ashing), electrode preparation, instrument 

preparation (setting peaks). running of ten samples  and four standards,  

data reduction and conversion to concentration in the whole coal required 

only fifteen hours. This  represents  84 separate analyses. This  fifteen 

~ 

This data does not, however, allow one to make th i s  

have indicated that the presence  of sulfates prevents the loss of 

Since ash  contents of the coals studied 

These values a r e  based'upon the meta l  

The validity of SSMS with electrical  

Another 

Sample 
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hours a l so  includes sample turn-around t ime  and five separa te  0.3nC 

monitor exposures  fo r  each element in each sample  and standard. The 

p'"cision datz fsr t h e  SSMS iPchRic;Ue is 6 t9 l!y& re?.-ti.-,p. The detectien 

l imi t s  fa- the e lements  studied a r e  on the o rde r  of 1 to 2 ppmw in the 

\:.noie csal usir ,g rne previously mentioned parameters .  

necessarily the lower  l imi t s  as  such i t ems  a s  exposure (nC), multiplier 

gain and sample dilution may increase  o r  decrease  th i s  lwel. F r o m  the 

intensity values obtained during this investigation, absolute detection 

l imi t s  ranging between 0.1 and 0. 3 ppm by weight with whole coal would 

b e  a rea l i s t ic  estimate.  

The average  deviation f rom the  AAS r e su l t s  is 29.2%. 

This is not 

These lower values were  not actually determined. 

Trace Elements by Wet Chemical Methods 

The determination of t r a c e  impurities by wet chemical methods can 

First, those elements 
- 

immediately be separa ted  into two ma jo r  divisions. 

that  can b e  d r y  ashed, leached in acid and the analysis completed by 

conventional AAS. These elements a r e  Li, Be, V. Cr ,  Mn, Ni, Cu. Zn, 

Ag. Cd and Pb. Second, those that r equ i r e  specialized techniques. 

Hg-02 bomb combustion followed by f lameless  AAS. 

As, Bi and SS - d r y  ashing and acid dissolution followed by 

deteryLination of their  hydrides using AAS. 

1. 

2. 
5. 6 

7 
3. Se-combustion and cold trapping followed by determination as  

i t s  hydride using A.4S. 

F - 0 

B - d r y  ashing followed by Na2C03  fusion, dissolution in dilute 

H2S04, then followed by colorimetric determination with 

carminic  acid . 

8 9 
bomb combustion followed by specific ion analysis . 4. 

5. 
2 

10 
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Determination of Li,  Be, V. Cr ,  Mn. Ni; Co. Cu, Zn, Ag, Cd and P b  

Coal samples are prepared  and ashed a s  described in the procedure 

F ive  g r a m  samples of coal a r e  u s e d .  employed f o r  SShIS. 

placed in 100 ml reflon beakcr containing 5 ml of H F  (conc.) and 15 ml of 

H N 0 3  (conc). IYarm to dissolve the ash,  then evaporate the solution just  

to dryness.  

volumetric flask. AIake to  volume with water and mix. 

to a plastic bottle to p re se rve  as a stock solution for the  conventional AAS 

determinations of Li, Be, V, Cr .  Mn. Ni. Co, Cu. An, Ag, Cd and Pb. 

The ash is 

Add u-ater and a few drops  of HN03, then t ransfer  to a 100 m l  

Immediately t r ans fe r  

Samples were a l so  prepared for  conventional AAS determination by 

3’ H2S04 wet ashing approximately 5.0 g r a m s  of coal in a mixture of HNO 

and (NH4)2 S208. 

The Determination of Mercury 

A coal sample is decomposed by burning a combustion bomb containing 

Af ter  a dilute nitric acid solution under 24 atmospheres of oxygen pressure .  

combustion, the bomb washings a r e  diluted to a known volume and m e r c u r y  

is determined by atomic absorption spectrophotometry using a f lameless  

cold vapor technique. 

Procedure- 

Transfer  approximately 1 g r a m  of 60 mesh X 0 coal to a clean combustion 

crucible and weigh to the nearest  0.1 mill igram. 

n i t r ic  acid to the bomb, place the crucible in the electrode support of the bomb, 

and attach the fuse F i r e .  

of 24 atornospheres (gauge). 

water bath in, a l a rge  stainless s tee l  beaker i s  a l so  satisfactory) and ignite 

the  sample using appropriate safety precautions.ordinarily employed in bomb 

ca lor imet ry  work. 

T rans fe r  10 ml of 10% 

Assemble the bomb and add oxygen to a p r e s s u r e  

P lace  the bomb in  the calorimeter (a cold 
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After combustion. the bomb should be left undistrubed f o r  10 minutes 

to allow tempera ture  equilibration and the absorption of soluble vapors. 

Reknae thc prcssiirc s?ow!y and tisiisfei t h e  coiltenis oi ihe bomb iarri crsiboiej 

t o  the mercu ry  reduction vesse l  by washing with 10% ni t r ic  acid. Rinse 

the  bomb, electrodes,  and crucible thoroughly with severa l  small washings 

of 10% ni t r ic  acid, then dilute the contents of the reduction vesse l  with 10% 

ni t r ic  acid to a total  volume of 50 ml. 

described under Standardization. Determine the amount of m e r c u r y  in 

mic rograms  and divide by the sample  weight in g r a m s  to obtain the m e r c u r y  

value i n  pa r t s  p e r  million. 

Proceed with the determination as  

Standardization 

Add a n  aliquot of a standard mercu ry  solution to contain 0.1 mic rograms  

of mercury to the m e r c u r y  reduction flask. Add KMnO (3%) dropwise until  

the pink color pe r s i s t s .  Adjust the volume to 100 ml, then add in o rde r  5 ml 

of HNO (1:2), H2S04 ( l j l )  and hydroxylamine hydrochloride. When the pink 

color fades, add 5 m l  of the SnCl (10%) and immediately connect into the  

system. Start  the pump which circulates the  mercu ry  in the vapor phase 

through the optical cell  in the atomic absorption spectrophotometer with the  

mercu ry  lamp optimized a t  253.7 n m  and normal operating conditions a s  

established by the AA instrument manufacturer. 

all or an aliquot f rom the 0 bomb combustion stock solution. 

4 

3 

2 

I 

Samples are r u n  by taking 

2 

. l'he Uetermination of Arsenic,  Antimony and Bismuth 

As. Sb and B i  can be determined by AAS after generation and evolution 

of their  hydrides.  

hydrogen generated by magnesium inetal in a TiCl -HCl solutiqn. 

modified Perk in-  E l m e r  High Sensitivity Arsenic-Selenium Sampling System 

can be  u s e d  with any  atomic absorption spectrophotometer. 

The hydrides a r e  formed by the  reaction of nascent 

A 3 
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Coal samples  for the determination of A s ,  Sb and Bi can be ashed by 

the method previously described for Li, Be, etc. However, the  a sh  should be  

leached in H F  and HCl. 

chlori’des. If HNO, is used in place of HCl. a mixed KI  and SnCl must  be  

used in place of TiCl to  generate nascent hydrogen; however, the HC1 sys t em 

is prefer red .  

Care must be taken in warming not to lo se  volatile 

3 2 

3 

A separa te  aliquot of I-ICl-HF sample containing up t o  0. 3 micrograms  

of A s  o r  up to 0.6 micrograms of Sb o r  Ei  is placed in the hydride generation 

flask. ’Add 10 ml  of TiC13 (1% in HC1) and adjust the volume to  25 m l  with 

water. After flushing the system with argon for  fifteen seconds, add a one 

inch length of 1 /8 inch diameter  magnesium rod . to  the flask through the pinch 

damp. Allow one minute for  collection t ime in the expansion vesse l .  

r e l ease  gases  into the argon-hydrogen entrained air f lame using a t r i p l e  slot-  

type burner  and the AAS manufacturer’s standard practices.  

appropriate standards a r e  run for  each of the elements. 

Then 

Blank and 

- 

The Determination of Selenium 

The pr ior  separation of selenium f rom the bulk of the coal sample  uses  

It was originally used 7 the combustion technique a s  described by H. L. Rook . 
i n  a neutron activation analysis. 

combustion tube 5 112 inches long connected by a ground g la s s  joint to a 

second section 3 112 inches long. The section ends with a U-tube which can 

be immersed  in a Dewar F lask  containing liquid N2 or some other suitable 

coolant. 

and inserted into the combustion tube with an 0 flow of -30 cc/min. 

cold t r ap  in place, the sample is ignited by heating the combustion tube with 

a meker  burner.  

The equipment was modified to  use a quartz 

F o r  analyses, an 0 .5  g ram sample is weighed into a porcelain boat 

With the 
2 

The coal sample is allowed to burn freely,  the tempera ture  

is then raised to the maximum of the burner  for  five minutes. 

tube is cooled fo r  five minutes and separated f rom the condenser section, 

condenser i s  removed from the cold t r ap  and allowed to w a r m  to  ambient 

The combustion 

The  
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temperature.  Add 10 ml  of HC1 to the condenser and flush into a 50 ml 

volumetric flask. Wash condenser with water and add rinsings to the volumetric 

flask. Make to  volume with water and mix. 

containing up to 0.3 micrograms of Se and proceed a s  in the method for  As. Sb, 

and Bi by  AAS as previously described. 

Take an  aliquot of 15 ml or  l e s s  

SELENIUM CONBUSTlOW APPARATUS 

The Determination of Fluorine I 

A coai sample IS aecomposed by ignition in a combustion bomb containing 

Na CO 

the bomb washings a r e  diluted to a known volume and an aliquot is taken to 

determine F by the standard Orion specific ion procedure. 

solution under 24 atmospheres of oxygen pressure.  After combustion, 3 3  

1 

Trans fe r  approximately 1 gram of coal to a combustion crucible and 

weigh to nearest  1.0 mg. 

place crucible in the electrode support and attach the fuse wire. Assemble the 

bomb and add oxygen to a p re s su re  of 24 atmos. 

Transfer  5 ml  of Na CO solution (5%) to the bomb, 2 3  

Place the bomb in a cold water 

I 

, 
1 

i 
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bath and ignite the sample using appropriate safety precautions. 

After combustion, the  bomb should b e  left  undisturbed f o r  ten  minutes 

to allow tempera ture  equilibration and absorption of the soluble vapors.  Release 

the p re s su re  s lov~ly  and t ransfer  contents of the bomb (and crucible) into a 

25 ml volumetric flask. Make seve ra l  smal l  washings with water  and add 

rinsings to the volumetric flask. Make to volume with water and r e s e r v e  the 

stock solution in a plastic bottle. 

Using an expanded scale pH meter,  such as the Orion 801, pipet 10  ml 

of the stock solution into a sma l l  beaker and add 10 m l  of Tisab  (Orion Cat. 

No. 94-09-09), determine the electrode potential using a fluoride electrode 

Orion 94-09. 

prepared  similarly.  

Comparison is made by bracketing with fluoride standards 

The Determinaticn of Boron 

After d r y  ashing in the manner used in the Li, Be, etc. procedure, the 

ash is fused with Na Cog.  leached in water and acidified with H SO 

colorimetric carminic  acid method 

The 
2 4' 6 .  

2 
is then used fo r  the determination of boron. 

Weigh approximately 1 g r a m  of coal into a platinum crucible and carefully 
0 ignite in a vented oven. 

maintain for one hour. 

fuse for  ten minutes. 

dissolution is complete, add 10 m l  of H SO carefully. T rans fe r  to a 50 ml 

volumetric flask. 

P lace  a 5 ml aliquot o r  less in a 50 m l  volumetric flask, make to 5 ml volume 

with H SO 

0 t o  100 mic rograms  of B. 

Then add by pipet 20 m l  of carminic  acid (0.92 g rams  in H SO 

to volume with H SO 

spectrophotometer a t  605 n m  with a reagent blank in the re ference  cell. 

Compare to a standard curve  containing 0 to 100 micrograms.  

Gradually increase  the temperature to 850 C and 

Remove f rom oven and add 2 g rams  of Na CO 

Leach in 25 ml of warm water in a teflon beaker: When 

and 
2 3  

2 4  
Make to volume with water and r e se rve  in a plastic bottle. 

(3 .  6IW if less than 5 ml aliquot was used. Aliquot should contain 

Then add 20 m l  of chilled H2S04 (18M) and swir l .  
2 4  

18M). Make 2 4  
(18M) and determine absorbance in 1 cm cells in a 2 4  
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TABLE I 

Operating Parameters 

Spark Variac 35% 

Pulse Repetition Rate (pps) 100 

Pulse Length (psec) 100 

Source Slit 0.002" 

Multiplier Slit ,002" 

Moniter Expo sur e 0.3nC 

Multiplier and Amplifier Variable according to 

concentratiorl 
Gains sample elements and 

Electrodes Vibrated 

i 
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Zunyrcs, ibiobert E. Lee, ZZ.  I, ..*---.,.- I.-*- -.,-.----...-- .--.--.111 E r n  t3 LY~LIVIV- ruljua DULXVOLLIYYYL.~ L Y O L W U M  - hiler's ii. 
and Darryl J. von Lehmden, Environmental Protect ion Agency, National Environmental 

Research Center,  Research ,Triangle Park, North Carolina 27711. 

Implementing t h e  Clean A h  Act a s  amended i n  1970 may r equ i r e  manufacturers o f  
f u e l  and f u e l  add i t ives  t o  r e g i s t e r  their  products with the Environmental Protect ion 
Agency. As an in t eg ra l  p a r t  o f  t h i s  program, a Fuels Survei l lance Network w a s  es- 
tabl ished i n  1972 f o r t h e  nationwide co l l ec t ion  of f u e l  samples through the  EPA 
regional  o f f i ces .  
Center,  Research Triangle Park,  North Carolina,  for, extensive t r a c e  element ana lys i s  
and f o r  major f u e l  addi t ive component analysis .  
network samples w i l l  be  used i n  a m u l t i p l i c i t y  of ways. The information w i l l  be used t o  
ve r i fy  manufacturer-registered d a t a  and t o  provide research inpu t  t o  s tud ie s  on com- 
bustion emissions and hea l th  e f f e c t s  s ince  t r a c e  elements i n  f u e l s  can be emitted i n t o  
the atmosphere during combustion. 
f ac to r s  t o  de t ec t  po ten t i a l ly  t o x i c  components introduced through contamination, and 
t o  provide a mechanism f o r  enforcing Federal  f u e l  add i t ive  s tandards (such as lead and 
phosphorous l i m i t s  i n  gaso l ine ) .  Samples co l l ec t ed  i n  t h e  1972 operation were pre- 
dominantly gasol ine,  although a l imi t ed  number of samples of  o the r  types o f  fue l s  and 
f u e l  addi t ives  w a s  col lected.  Trace a n a l y t i c a l  methods used included neutron ac t iva t ion ,  
spark source mass spectrometry, i so tope  d i l u t i o n ,  atomic absorption including carbon 
rod atomizer,  anodic s t r ipp ing  voltammetry, isotope separat ion techniques,  and l ead  
screening techniques. Impacc on t h e  environment is discussed. 

These samples a r e  submitted t o  t h e  National Environmental Research 

The a n a l y t i c a l  d a t a  derived from the  

The information w i l l  a l s o  be used to  develop emission 
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PO NO r V Z f 4  
INTERLABORATORY EVALUATION OF STANDARD YEFERENCE MATERIALS FOR TRACE ELEMENTS I N  
COAL, FLY ASH, FUEL OIL,  AND GASOLINE - Darryl J. von Lehmden (11, P h i l i p  D. 

L a  F leur  (21 ,  and Gerald G. ?&land (l), (1) Environmental P ro tec t ion  Agency, Nat iona l  . 
Environmental Research Center,  Research Tr iangle  Park,  North Caro l ina  27711, and (2) 
U. S. Department of Commerce, National Bureau o f  Standards,  Washington, D. C. 20234 

The Environmental Pro tec t ion  Agency and t h e  National Bureau of Standards have 
j o i n t l y  conducted an i n t e r l abora to ry  comparison program f o r  t r a c e  elements i n  fou r  
s tandard  reference mater ia l s .  The concent ra t ion  of f i f t e e n  chemical elements was cer -  
t i f i e d  by the  National Bureau of Standards concurrent with the  in t e r l abora to i - r  compar- 
i son  program. The s tandard  re ference  ma te r i a l s  inc lude  coa l ,  f l y  ash, res idui l .  f u e l  
o i l  and gasoline.  
following elements; mercury, beryll ium, lead ,  cadmium, vanadium, manganese, n i c k e l ,  
chromium, a rsen ic ,  selenium, zinc.  s u l f u r ,  phosphorous, f l uo r ine ,  and uranium. Over 
f i f t y  l abora to r i e s  pa r t i c ipa t ed  i n  the  in t e r l abora to ry  comparison program. Chemical 
element concentrations a r e  reported using neutron a c t i v a t i o n  ana lys i s  ( r a d i o  chemical 
and instrumental), atomic absorption spectrometry,  spark  source mass spectrometry 
( i so tope  d i l u t i o n  and genera l  s can ) ,  X-ray f luorescence ,  o p t i c a l  emission spectroscopy, 
and a va r i e ty  of co lor imet r ic  and gravimet r ic  methods. 
based on r e p l i c a t e  ana lys i s .  Accuracy r e s u l t s  a r e  repor ted  based on the  c e r t i f i e d  
values. Preliminary grouping of t he  "bes t"  a n a l y t i c a l  methods f o r  each chemical el- 
ement i n  each samples matrix w i l l  be described. 

The concentrations were c e r t i f i e d  i n  these  ma te r i a l s  f o r  t h t  

Prec is ion  r e s u l t s  a r e  repor ted  

.. . , , .. 
. .  

L .  . I .  C . .  .. .. 
. .  

I 



THE FATE OF SOME TRACE ELEMENTS DURING CQAL PRETREATMENT AND COMBUSTION 
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INTRODUCTION 

Why should we i n t e r e s t  ourselves  i n  t r a c e  metals i n  coa ls?  Fact Pl: There are a 
number of elements known t o  be of h igh  t o x i c i t y  i n  c o a l ,  most of them present  i n  t r a c e  
amounts. Fact  #2: Over 300 m i l l i o n  tons of coa l  was burned i n  t h e  United S t a t e s  l a s t  
year  f o r  the  generat ion of e l e c t r i c  power. 
r e a l i z e  that we are  t a l k i n g  of a t o t a l  of tons ;  hundreds of tons o r  even thousands of 
tons of t o x i c  elements present  i n  t h e  coa l  we burn f o r  power generat ion.  How much of 
these t o x i c  elements a r e  present  i n  t h e  coa l  we burn f o r  power generat ion? 
these  t o x i c  t r a c e  elements e n t e r s  t h e  environment v i a  t h e  smoke s tacks  of powerplants? 

Today I would l i k e  t o  d i s c u s s  two t race-element  s t u d i e s  being c a r r i e d  out  at the P i t t s -  
burgh Energy Research Center of the  Federal  Bureau of Mines. 
is  funded by t h e  Bureau, is involved i n  e l u c i d a t i n g  the  f a t e  of t h e  var ious  t o x i c  t r a c e  
elements present  i n  coal when the  coa l  is burned i n  powerplants. The second program i s  
funded by t h e  Environmental P r o t e c t i o n  Agency and is concerned with inves t iga t ing  the 
d i s t r i b u t i o n  of the t r a c e  elements i n  coa l  using s p e c i f i c  grav i ty  separa t ions  t o  d iv ide  
the  coa l  i n t o  d i s c r e e t  f r a c t i o n s .  

The two programs taken toge ther  can g ive  us a p i c t u r e  of what happens t o  the  t r a c e  
elements i n  coa l  from the  coa l  bed t o  the powerplant s tack .  Both inves t iga t ions  a r e  
s t i l l  i n  progress ,  so today ' s  t a l k  i s  r e a l l y  an in te r im repor t .  I would l i k e  t o  cover 
t h e  problems we have encountered, the  r e s u l t s  we have obtained,  and any conclusions w e  
have drawn from the r e s u l t s .  

The elements t h a t  we are c u r r e n t l y  s tudying i n  t h e  EPA program a r e  mercury, copper, 
chromium, manganese, n i c k e l ,  and f l u o r i n e .  I n  t h e  Bureau program, s t u d i e s  so f a r  have 
been l imited t o  mercury, cadmium, and lead.  

L e t  us e l u c i d a t e  some of t h e  general  problems one encounters i n  analyzing coal  f o r  i ts  
t r a c e  element content .  Except f o r  t h e  spec ia l  case of mercury, there  is no s tandard 
coal present ly  a v a i l a b l e  f o r  use  i n  trace-element a n a l y s i s .  Because the  prec is ion  and 
accuracy of the  a n a l y t i c a l  procedures used a r e  i n  many cases  a f f e c t e d  by the  matr ix  
one i s  dea l ing  w i t h ,  the  lack  of a s tandard  coal i s  a ser ious  problem. 

C~iriaiaiiraLiun is anocner probiem one encounters  i n  t r a c e  ana lys i s .  Mercury is ubiqui tous 
i n  many labora tor ies  as is f l u o r i d e .  Lead is  present  i n  dust  p a r t i c u l a r l y  i f  your labo- 
ra tory  is c l o s e  t o  automobile t r a f f i c .  

When we put the  two f a c t s  toge ther ,  w e  

How much of 

The f i r s t  program, which 

EXPERIMENTAL APPROACH 

A.  Coal uretreatment s tudv.  Se lec ted  coa ls  were crushed and separated i n  organic  
f l u i d s  of known s p e c i f i c  g r a v i t y .  
g r a v i t y  f r a c t i o n  were analyzed f o r  t h e  t r a c e  element o r  elements being s tudied  and 
t h e i r  d i s t r i b u t i o n  noted. 

B. Combustion studv. 
gases were co l lec ted  and analyzed f o r  t h e  t r a c e  element being s tudied . '  Af te r  completion 
of the  i n i t i a l  study with t h e  lOO-g/hr combustor, coal  and ash were obtained from a 
500-lb/hr  furnace and f i n a l l y  from commercial powerplants. 

The head ( i . e . ,  s t a r t i n g )  coal  and each s p e c i f i c  

Coal was combusted i n  a 100-g/hr combustor, and the ash and f l u e  

The samples were analyzed 
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for the trace elements being studied, and the maximum 
be released was calculated. 

amount of the element that could 

ANALYTICAL METHODS 

A. Mercury. Mercury is determined in coal by means of a double gold amalgamation- 
flameless atomic absorption procedure. Because mercury is volatile and can thus be 
quantitatively separated from the coal matrix, calibration can be accomplished with 
mercury-saturated air. Mercury is the only trace element for which there is presently 
an NBS certified standard coal. We normally use mercury-saturated air for calibration 
purposes on a day-to-day basis and periodically analyze the NBS standard coal in order 
to check our procedure. 
NBS standard coal. 

Table 1 shows some of the results we have obtained with the 

Table 1 

NBS certified mercury value = 0.126 f0.006 ppm Hg 

Dates Number of replicates Bureau value 

Analysis of NBS SRM No. 1630 

- 
2/24/72 5 0.12 t0.02 

4/19/72 5 .12 t.01 

7 / 5 / 7 2  6 .14 t . 0 2  

9 /24 /72  
through 
12/ 13 / 72 

2 /1 /73  
through 
3 /2 /73  

As you can see, agreement is very good. 

39 .13 f.03 

37 .13 t . 0 2  

B. Fluorine. Fluorine in coal is determined by combusting the coal in the presence of 
calcium oxide, fusing the residue with Na2C33, leaching the melt with phosphoric acid, 
distilling the solution with H~SOS, concentrating the fluoride by passing the solution 
through an anion exchange resin (Amberlite IRA 4101, and determining the fluoride 
content of the solution with a fluoride specific ion electrode. An NBS opal glass 
standard is frequently carried through the entire procedure to check fluorine recovery. 

C. Copper, chromium, manganese, and nickiel, The analytical method for the determina- 
tion of copper, chromium, manganese, and nickel involves digestion of the coal with 
HN03 and HC104, fusion of the residue with lithium metaborate, and determination of the 
combined digestion and leach solutions by atomic absorption spectrophotometry. Since 
there is no standard material to analyze for the construction of calibration curves, 
the method of standard additions is employed for the assay. While the method of 
standard additions does increase the time required for the analysis, it eliminates the 
effect of the matrix. 

D. Cadinium and lead. Cadmium and lead are determined in coal by ashing the coal at 
5000 C, treating with HF and HC1, fusing the residue with K2C03, evaporating to near 
dryness, dissolving in HCL, adding K1 and ascorbic acid, extracting into MIBK, and 
analyzing for Pb and Cd by means of atomic absorption. 
entire procedure, and the method of standard additions is used for calibration. 

Blanks are carried through the 
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RESULTS 

A .  Mercury. An Indiana V s t r i p  coa l  from Indiana and a Lower  Kittanning s t r i p  coal  
from Pennsylvania were separa ted  i n t o  f o u r  spec i f ic -gravi ty  f r a c t i o n s  and analyzed f o r  
t h e i r  trace mercury conten t .  The r e s u l t s  a r e  shown i n  t a b l e s  2 and 3 . .  It is  c l e a r  
t h a t  mercury tends t o  concent ra te  i n  t h e  mineral mat te r  and probably e x i s t s  i n  coa l  8s 
an  inorganic  compound. 

Table 2 
Coal - Lower Ki t t aMing  Bed, Pennsylvania, s t r i p  coa l  

Mercury content  of coa l  = 0.26 ppm 

Mercury Percent  of 
Weight- conten t ,  t o t a l  mercury 

Spec i f ic  g r a v i t y  percent  ppm i n  f r a c t i o n  

Float  - 1.30 20.0 0.16 
1.30 - 1.40 28.1 .23 

Sink - 1.60 27.1 .43 
1.40 , -  1.60 24.8 .19 

12 
25 
18 
45 

Table 3 
Coal - Indiana  V Bed, Ind iana ,  s t r i p  coal  

Mercury content  of coa l  = 0.13 ppm 

Mercury Percent  of 
Weight- conten t ,  t o t a l  mercury 

S p e c i f i c  g r a v i t y  p e r c e n t  ppm i n  f r a c t i o n  

Float  - 1.30 42.6 0.08 *0.03 29 t11 

1.40 - 1.60 13.7 .15 t .03 15 +3 

1.30 - 1.40 36.3 .07 +.03 ' 22 +9 

Sink - 1.60 7.4 .59 f.05 34 +3 

Table 4 
100-pfhr combustor: Summary of r e s u l t s  

Mercury content  
Total Total  
mercury mercury 
i n  f l y  accounted 

Combus- Fly a s h  
coal t i o n  produc- (+1 standard devia t ion)  
feed e f f i -  t i o n  
r a t e ,  c iency,  r a t e ,  Coal, Fly ash, gas  ash ,  f o r ,  df & g/hr percent  g f h r  p g f n  #df percent  percent 

DRB-E 1 98.1 97.6 9.1 A! 0.9720.05 2.2 60 77 
DRB-E 2 105.1 97.0 10.3 0.1520.02 [::;::A; 6.5  55 101 

P-3 2 135.7 96.3 :::? ?24+.05 *35'-06 ( 2 . )  37 ( 3  ,I) t .37+.04 14.4 36 94 

DRB-E 3 108.1 96.4 11.3 1.7 66 78 

P-3  1 98.9 97.5 

P-3 3 ~ 117.2 98.3 27.1 

.31+.04 7 . j  31 

L'Average value of 12 r e p l i c a t e s  f o r  DRB-E. 

"Average value of 21 r e p l i c a t e s  f o r  P-3. 
-?.'No f l u e  gas  sampling on t h i s  run .  
ft/DRB-E is a washed deep-mined P i t t s b u r g h  seam coal  o r i g i n a t i n g  i n  Washington County, 

Pa.  P-3 is  a mixture of Tebo seam and Weir seam coals  from Henry County, Mo. 

I 
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Table 4 shows the results obtained with the 100-g/hr combustor. Table 5 shows the 
results obtained with the 500-lb/hr combustor. Table 6 shows the analyses of the coals 
used in the combustion experiments with the 100-g/hr aad 500-lb/hr combustors. Table 7 
shows the results obtained with power plant samples. The terms MR, DRB-E, and P-3 are 
those employed by the engineers running the combustors to identify series of runs under 
slightly different conditions but using the same coal. 

Table 5 
500-lb/hr combustor: Su.nmary of results 

Mercury in coal (MR)" ..... pg Hg/g coal ..... 0.18+0.04 
Mercury in fly ash ......... hg Hg/g ash ...... 0.22+0.04 
Number of replicates .......................... 23 

Number of replicates .......................... 17 

"MR is a Pittsburgh seam coal from Pennsylvania. 

Percent of total mercury found in fly ash ..... 12?3 

Table 6 
Analysis of coals combusted (mf basis) 

DRB-E P A  MR 

Volatile matter ................................. 35.8 37.8 37.7 
Fixed carbon .................................... 57.3 40.6 52.2 
Ash ............................................. 6.9 21.6 10.1 

Proximate analysis, weight-percent: 

Ultimate analysis, weight-percent: 
Hydrogen ........................................ 5.1 4.4 5 .O 

Nitrogen ........................................ 1.6 1.0 1.5 
Oxygen .......................................... 7.1 ,5.9 7.1 
Salfur .......................................... 1.2 5.2 2.1 

............................................. 21.6 10.1 Ash 
Calorific value, Btu .............................. 13,970 11,190 13,310 

Carbon .......................................... 78.1 61.9 14.2 

qa9 
Free swelling index ............................... 8 2.5 1.5 

Type of 
firing 

Slag top 

Slag top 

Dry bottom 

Table 7 
Summary of powerplant data 

Steam conditions 

Rate, 
lo3 lb/hr 

702 

723 

461 

Pres- Tempera- 
sure, ture , Coa 1 
PsiR O F  fired 

1,268 899 Illinois 
No. 6 
hvc b . 

1,293 799 Illinois 
No. 6, 
hvc b . 

1,450 928 Kentucky 
No. 6, 
hvbb. 

Fly ash M.srcury 
sample content of 
collection the fly ash, 
conditions p g  H ~ / E  

Mechanical 0.10+0.02 
collector 
hopper 

Electrostatic .26+.04 
precipitator 
hopper 

Mechanical .22+ .02 
dusty 
collector 
hopper 

I 
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Based on mercury analyses  f o r  I l l i n o i s  No. 6 coal  published by the  I l l i n o i s  Geological 
Survey, the average percentage of the mercury i n  t h e  o r i g i n a l  coa l  accounted f o r  i n  t h e  
ash  is  13 percent .  

The r e s u l t s  seem t o  i n d i c a t e  t h a t  as only 10 t o  15 percent of t h e  mercury i s  re ta ined  
by t h e  f l y  a s h ,  85 t o  90 percent  of  the  mercury i n  the  coa l  could be emit ted v i a  the  
powerplant smoke s tacks .  

B. Lead and cadmius. The r e s u l t s  obtained f o r  cadmium and lead a r e  l imited and of a 
prel iminary nature .  
contamination resu l ted  i n  l e s s  r e p l i c a t i o n .  As t h e  r e s u l t  of i n s u f f i c i e n t  r e p l i c a t i o n ,  
most of t h e  results reported do not  have s t a t i s t i c a l  e r r o r s  a t tached  (however, each i s  
the  average of a t  l e a s t  two v a l u e s ) .  

Table 8 gives  the lead and cadmium assays f o r  P i t t sburgh  seam coal ;  t a b l e  9 g ives  the 
concentrat ion of lead and cadmium found i n  the ashes from combustion experiments. 
Table 9 a l s o  shows the percentage of t h e  lead and cadmium i n  the coal  t h a t  was re ta ined  
by t h e  ash.  
t i c u l a r l y  with the 500-lb/hr  combustor so t h a t  the r e s u l t s  o f  individual  runs cannot 
be compared. 
i n  t h e  ash from the 500-lb/hr  combustor than was mercury. 
p red ic ted  from r e l a t i v e  v o l a t i l i t i e s .  

The longer time required f o r  each a n a l y s i s  and the problems of 

The condi t ions under which the  coal  was burnt var ied  with each run,  par- 

I t  should be n o t e d ' t h a t  cadmium and lead are re ta ined  t o  a g r e a t e r  degree 
This of course could be 

Table 8 
Lead and cadmium content  of a 
P i t t s b u r g h  s eam coal  (?1 S.E.) 

Lead content ,  Number of Cadmium Number of  
ppm samp 1 es content ,  ppm samp 1 e s 

7.7 +0.5 9 0.14 -05 9 

Table 9 
Lead and cadmium i n  f l y  ash 

Cadmium i n  Cadmium accounted Lead i n  Lead accounted 
Combustor a s h ,  ppm f o r ,  percent ash ,  ppm f o r ,  percent 

100 g / h r  1 .o 68 - -  - -  

100 g/hr  .74 54 71 92 

_ _  _ _  
iir3 ginr .YY IO ox 93 

500 l b / h r  1.22 101 49 72 

500 l b / h r  .78 65 44 64 

500 l b / h r  .36 37 25 46 

C .  a e r ,  chromium, manganese, and n icke l .  
of Cu, C r ,  ?In, and N i  during s p e c i f i c  grav i ty  separa t ion  and combustion of coal a r e  i n  
a very preliminary s t a g e .  
procedures and loca t ing  and e l imina t ing  sources of contamination. One i n t e r e s t i n g  
prel iminary result presented i n  t a b l e  10 seems to  i n d i c a t e  tha t  crushing coal  adds 
s i g n i f i c a n t  amounts o f  manganese t o  the  coa l .  
made of a manganese s t e e l .  
Colorado. 

E f f o r t s  aimed at def in ing  the  behavior 

E f f o r t s  t o  d a t e  have been aimed a t  opt imizing the  a n a l y t i c a l  

The jaws of t h e  crushing apparatus  were 
The coa l  used was a s t r i p  coal  from the  Lennox Bed i n  
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Table 10 
Analysis of coa l  before and a f t e r  crushing,  ppm 

Concentration Concentration 
Element before  crushing a f t e r  crushing -- 

C r  3 . 4  4 . 3  

c u  3 . 2  5 . 4  

Mn 4 . 1  10.3 

D .  F luor ine .  
tamination problems. 
a c i d ,  calcium oxide,  bo i l ing  c h i p s ,  and tef lon-covered s t i r r i n g  bars .  Extreme care  
must be taken i n  the  s e l e c t i o n  of s torage  conta iners ,  and t h e  h i s t o r y  of t h e  d i s t i l l a -  
t i o n  apparatus  should be known. We be l ieve  t h a t  we have now located t h e  sources  of 
e r r o r  i n  the  f l u o r i d e  a n a l y s i s  and a r e  i n  t h e  process of analyzing s e r i e s  of f l o a t - s i n k  
samples f o r  t h e i r  f l u o r i d e  conten t .  

E f f o r t s  aimed a t  analyzing coa ls  f o r  f l u o r i n e  have been stymied by con- 
Sources of f l u o r i n e  contamination have been loca ted  i n  phosphoric 

SUiYMARY AND CONCLUSIONS 

Our e f f o r t s  with t r a c e  elements i n  coa l  have t o  d a t e  met with varying degrees  of 
success ,  but c e r t a i n  important conclusions can be drawn from our f ind ings .  

F i r s t ,  i t  would appear t h a t  as much a s  40 percent of t h e  mercury i n  the  coa l  i s  asso- 
c i a t e d  with the  high s p e c i f i c  g r a v i t y  f r a c t i o n ’ o f  the  coa l .  
removed from coal  t o  lower s u l f u r  emissions, a s u b s t a n t i a l  p a r t  of t h e  mercury i n  t h e  
coal  is a l s o  removed a t  no e x t r a  c o s t .  Second, about 10 t o  15 percent  of t h e  mercury 
from the coa l  may remain with t h e  f l y  ash i n  coal-burning powerplants. 
f a c t o r s  i n t o  account could reduce the  maximum emission of mercury t o  about 50 percent  
of t h a t  present  i n  the coa l .  

Cadmium and lead a r e  l e s s  v o l a t i l e  elements than mercury. A s  one would expec t ,  the 
experim-ntal evidence i n d i c a t e s  t h a t  they a r e  re ta ined  i n  t h e  f l y  ash  t o  a g r e a t e r  
ex ten t  than is the  mercury. As t h e  program c o n t i n i e s ,  o t h e r  elements t h a t  a r e  even 
l e s s  v o l a t i l e  than lead and cadmium w i l l  be inves t iga ted ,  and one would expect them t o  
be re ta ined  i n  the f l y  a s h  t o  an even g r e a t e r  ex ten t  than a r e  lead and cadmium. 

Our experience with f l u o r i n e ,  copper, manganese, chromium, and n i c k e l  emphasizes the  
d i f f i c u l t i e s  inherent  i n  doing t r a c e  analyses  i n  matr ices  as complex as c o a l .  While 
c a r e  m u s t  be exercised i n  performing any chemical a n a l y s i s ,  t r a c e  a n a l y s i s  requi res  
extreme v ig i lance .  In  addi t ion  t o  the  care  required i n  :race ana lyses ,  our  s t u d i e s  
have shown t h a t  t h e  coal  handling procedures themselves may add t r a c e  elements t o  t h e  
c o a l .  

Thus i f  t h e  p y r i t e  i s  

Taking both 

\ 
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TRACE ELEMENT MASS BALANCE 
AROUND A COAL-FIRED STEAM PLANT* 

N .  E. Bolton, J .  A .  Car ter ,  3 .  F. Emery, C .  Feldman, 
W. Fulkerson, L.  D. Hule t t ,  and W. S. Lyon 

Oak Ridge National Laboratory** 
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1. Introduction 

Toxic elements a r e  present  i n  t r a c e  quan t i t i e s  i n  coa l  and o the r  f o s s i l  fue l s .  
Since the q u a n t i t i e s  of t h e s e  f u e l s  consumed each year a r e  enormous, t h e  assoc ia ted  
q u a n t i t i e s  of p o t e n t i a l l y  harmful t ox ic  elements a r e  a l s o  appreciable.  For example, 
assuming 600 mi l l ion  tons  of coa l  burned per year i n  the  United S t a t e s ,  with 
average concentrations*** fo r  Hg of 0.10 p p ,  Pb-20, Cd-0.4, As-5, Se-5, Sb-4, V-25, 
Zn-200, Ni-100, Cr-20, and Be-2, t he  corresponding tonnages o f  t he  elements a re :  
Hg-60, Pb-12,000, Cd-240, As-3000, Se-3000, Sb-2400, V-15,000, Zn-120,000, Ni-60,000, 
Cr-12,000, and Be-1200. 

An appreciable f r a c t i o n  (62%) of the coa l  consumed is burned a t  cen t r a l  power 
s t a t i o n s ,  so it is important t o  know the f a t e  of p o t e n t i a l l y  hazardous t r a c e  elements 
a t  such p l an t s .  The purpose of t h i s  work is t o  determine the  f a t e  of t r ace  elements 
i n  coal assoc ia ted  with genera t ion  o f  e l e c t r i c i t y  a t  a l a rge  c e n t r a l  power s t a t ion .  
The study involves two complementary a c t i v i t i e s :  (1) a mass balance f o r  t r ace  
elements through the  p l a n t  a s  obtained by in-p lan t  sampling, and (2) measurements 
of the elements i n  the  surroundings t o  estimate the  e f f e c t  of emissions on  t h e  
concentration of t ox ic  elements i n  a i r ,  s o i l ,  p l an t  l i f e ,  and in the  water, sedi-  
ment, and b io ta  of the  stream rece iv ing  the  ash pond runoff .  This paper dea ls  
with the  in-plant por t ion  of t he  work, which is a co l l abora t ive  e f f o r t  between OWL 
and TVA. 

The power s t a t i o n  a t  which t h e  study w a s  made is the  Thomas A. Allen S t e a m  P lan t  
i n  Memphis, Tennessee, which has an 870 MW(e) peak capacity from three  similar 
cyclone fed bo i l e r s .  The p lan t  is part of the  TVA power system, and it was chosen 
because the  Number 2 Unit was being renovated with addi t ion  of a new Lodge C o t t r e l l  
e l e c t r o s t a t i c  p r e c i p i t a t o r  so t h e  TVA Power Production Division test  sampling crew 
were ava i lab le  t o  help sample during compliance t e s t i n g  of t he  p rec ip i t a to r .  

2 .  Sampling and Methods of Analysis 

Figure 1 shows the  sampling poin ts  on a schematic of the N d e r  2 U n i t .  Samples 
taken a t  l oca t ions  Number 1 and 2 were composite samples of t h e  coa l  en ter ing  t h e  
h i i e r ,  an6 oi rne  s i a g  ma te r i a l  leaving t h e  b o i l e r ,  respec t ive ly .  A t  loca t ion  Number 
3 the  i n l e t  a i r  being supplied t o  t h e  bo i l e r  w a s  sampled. A t  l oca t ions  4 and 5 a 
s e r i e s  of samples were taken  i sok ine t i ca l ly  a t  various loca t ions  in  t h e  duc ts  before 
and a f t e r  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r ,  respec t ive ly ;  and a t  l oca t ion  6 a s e r i e s  
of  samples were taken i s o k i n e t i c a l l y  in  t h e  stack a t  approximately 82 m above ground 
l eve l .  

The l a r g e  s i z e  of t he  duc ts  being sampled required spec ia l ly  fabr ica ted  sampling 

~ ~ * 
Work supported by t h e  National Science Foundation PANN Program under NSF 

Operated by Union Carbide Corporation f o r  t h e  U.S. Atomic Energy Commission, 

These concentrations a r e  representa t ive  of values measured fo r  coa l  burned 

Interagency Agreement No. AG-398 with the U.S.  Atomic Energy Commission. 

Contract No. W-7405-eng-26. 

a t  t h e  Allen S t e a m  Plan t .  
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probes and spec ia l  probes equipped with forward-reverse p i t o t  tubes f o r  determining 
i sok ine t i c  sampling r a t e s .  Figure 2 shows how t h e  sampling probe w a s  constructed.  
The sample is drawn through an alundum thimble a t  a predetermined i s o k i n e t i c  sampling 
r a t e .  This thimble is followed by a Gelman f ibe rg la s s  f i l t e r  paper holder which 
c o l l e c t s  p a r t i c l e s  as  small a s  0.1 p .  This i s  e s s e n t i a l l y  t h e  standard ASTM method 
f o r  sampling gases f o r  pa r t i cu1a te s . l  
co ld  t r a p  t o  br ing  the  f lue  gas through the  dew poin t  very quickly and c o l l e c t  a l l  
mater ia l s  which w i l l  condense in  a dry t r ap .  Because of t h e  very high concentra- 
t i o n  of moisture in  the  f lue  gas it was necessary t o  add a dropout g l a s s  j a r  follow- 
ing t h i s  cold t r a p  t o  prevent loss of t h e  condensate. The cold t r a p  and condensate 
dropout j a r  were used in  an attempt t o  t r a p  mercury and o ther  condensable vapors 
from the  f l u e  gas sample. 

These f i l t e r s  a r e  then followed by the  

Two probes were fabr ica ted  f o r  sampling the  p r e c i p i t a t o r  i n l e t ,  one f o r  the  
p rec ip i t a to r  o u t l e t  and one f o r  t he  s tack .  By l imi t ing  the number o f  test  poin ts  
a t  each plane in  the p r e c i p i t a t o r  o u t l e t  the  average sampling time requi red  t o  com- 
p l e t e  a test was about 280 t o  300 minutes. The types and numbers of samples 
co l lec ted  fo r  each complete run a r e  shown in  Table 1. The t o t a l  number is 24 d i s -  
t i n c t  samples f o r  each complete t e s t  run. 

Table 1. Types and numbers of samples 

Composite Coal Sample - 1 

Composite Slag Tank Sample - 1 

Precipitator Inlet - 6 thimbles, 2 cold traps, 2 glass papers 

Recipitator Outlet - 4 thimbles, I cold trap, 1 f i ler paper 

Stack Sample - 2 thimbles, I trap, I glass paper 

Inlet Air - 1 thimble and 1 glass paper 

Although the  p lan t  is designed t o  operate a t  290 MW per u n i t ,  a 240 MW load w a s  
chosen f o r  these t e s t s  because it was f e l t  t h a t  t h i s  load could be maintained 
without in te r rupt ion  during the  5-hour sampling time requi red  t o  secure  our samples. 
The consumption of coa l  a t  t h i s  power l eve l  is 82.5 tons  per hour on a dry  weight 
bas i s .  Sampling of the  coal and s l a g  was performed by compositing samples obtained 
per iodica l ly  during the  course of t he  test .  From the  weight of f l y  ash material 
co l lec ted  i n  the ASTM f i l t e r  system, the  t o t a l  a i r  volume passed through the  thimble, 
and the  ve loc i ty  of a i r  passing through the  system, the  t o t a l  p a r t i c u l a t e  flow r a t e  
was ca lcu la ted .  In a l l ,  four runs were made, 1 reference t e s t ,  and 3 f o r  mass 
balance (runs 5 ,  7 ,  and 9). A gas ve loc i ty  t r ave r se  was made in  the  p r e c i p i t a t o r  
i n l e t  and o u t l e t  ducts j u s t  p r i o r  t o  each mass balance run t o  determine i sok ine t i c  
sampling rates f o r  each sampling pos i t i on .  

I 
The reference test w a s  performed using t h e  standard ASTM method f o r  determining 

g ra in  loadings t o  e l e c t r o s t a t i c  p rec ip i t a to r s .  
adequacy of the  number of samples secured f o r  mass balance ca l cu la t ions .  
of grain loading ca lcu la t ions  using TVA standard probes and ORNL f ab r i ca t ed  probes 
show the mass balance samples a r e ,  indeed, representa t ive .  

This t e s t  w a s  used t o  v e r i f y  the  
Comparison 

Analysis of the samples f o r  elemental cons t i t uen t s  was perforlned using ins t ru-  
mented neutron ac t iva t ion  ana lys i s  (NAA) and spark-source mass spectrometry (SSMS) 
I n  addi t ion ,  the many Hg determinations were made by flameless atomic absorption 
(A?+). 

The NAA technique involved i r r a d i a t i n g  each dry homogenized sample (0.01 t o  
0.2 g) i n  a sealed p l a s t i c  v i a l .  This v i a l  was placed i n  a " rabbi t"  toge ther  with t 
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AU and Mn flux monitors and i r r ad ia t ed  i n  the  Oak Ridge Research Reactor f o r  a 
period varying from a few seconds ( fo r  sho r t  l i ved  rad ioac t ive  products ) ,  t o  20 
minutes. A f t e r  i r r a d i a t i o n  the  samples were removed and counted a t  var ious  set 
decay t i m e s  using a Ge(Li) de t ec to r  and a nuclear-data PDP-15 ana lyzer  computer 
system. Using programs developed a t  OWL, these  cour t ing  da ta  w e r e  processed, and 
x-ray peaks i d e n t i f i e d ,  absolu te  a c t i v i t i e s  ca l cu la t ed ,  and from the  f lux  measure- 
menc and known nuclear parameters,  tiii p g j g  of each ileiitent foiind %is calcii lated.  
Results i n  a l l  cases  have a 5-10% uncer ta in ty  assignment. The e n t i r e  process i s  
nondestructive in  t h a t  no chemical treatment is performed, so the re  is only a mini- 
m a l  chance of sample contamination o r  loss. 

The flameless atomic absorption method has a r ep roduc ib i l i t y  o f  about 2% o r  
b e t t e r  for homogeneous specimens. Checks3 between AA and NAA (with radiochemical 
separa t ion  a f t e r  i r r a d i a t i o n )  and isotope d i l u t i o n  spark source mass spectroscopy 
on thoroughly homogenized tuna f i s h  and Bureau of Mines round-robin coa l  specimens 
ind ica t e  good agreement between the  methods. (0.425 f 0.9%, 0.45 lr 3.5%, and 
0.45 ? 4.49 f o r  tuna by AA, NAA, and SSMS, respec t ive ly ,  and 1.004 is t h e  average 
ratio of NAA t o  AA r e s u l t s  f o r  5 coa l  samples.) These resu l t s  i nd ica t e  t h a t  t h e  
technique used in  sample prepara t ion  f o r  AA d i d  not  r e s u l t  i n  mercury lo s ses  s ince  
t h e  NAA method is not  subject t o  lo s ses  of t h i s  type. 

Spark-source mass spectrometry (SSMS) is a l s o  a multi-element technique; con- 
vent iona l ly  the  da t a  obtained are  semi-quantitative and the  r e s u l t s  have an uncer- 
t a i n t y  of i 50% o r  less. I f  the  s t ab le  isotope d i l u t i o n  technique is performed, t h e  
SSMS can be 2 3%. This la t ter  technique was used fo r  a few elements: Pb, Cd, and 
Zn a s  noted i n  the  t abu la t ions  of r e s u l t s .  NAA and SSMS complement each o ther  q u i t e  
w e l l ,  and those elements f o r  which one technique has poor s e n s i t i v i t y  can usua l ly  be 
measured by  t he  o the r .  

3 .  Mass Balance Results 

A mass balance f o r  t h e  various elements was ca lcu la ted  using the  following 
equations : 

Q (A) = c ( A )  x (g  coal/min) 

Q S q T . ( A )  = C (A)  x (g  ash i n  coal/min - g f l y  ash to  (3 )  
precipitator/min) S.T. 

f o r  balance: 

x 100 percent imbalance = %.I. + ‘S.T. - Qc 

Qc 
(5) 

Qc(A)  , Qp.I. (A) and Q S a T  (A) a r e  t h e  flow r a t e s  of element A i n  g/min associated 

with the coa l ,  p r e c i p i t a t o r  i n l e t  f l y  ash ,  and s l a g  tank s o l i d s ,  respec t ive ly ,  and I 

C c ( A )  , Cp.I .  (A)  and CS.T.  (A) a re  t h e  corresponsing concentrations of element A i n  

t he  coa l ,  the f l y  ash co l l ec t ed  i n  the p r e c i p i t a t o r  i n l e t ,  and the  s l ag  tank so l ids .  
The flow of t r a c e  elements i n t o  t h e  p l an t  with suspended p a r t i c u l a t e s  i n  i n l e t  a i r  
w a s  negl ig ib le .  We were unable t o  measure the  t o t a l  s o l i d s  flow from t h e  s lag  
tank because of t he  na ture  of t h i s  discharge.  (Every four hours the  s l ag  tank 
res idue  is  washed ou t  t o  the  ash pond with 2-4 hundred thousand ga l lons  of water.) 
For t h i s  reason w e  estimated the  s l a g  tank  discharge as the  d i f fe rence  between 
ash flow r a t e  i n  t h e  coa l  and the t o t a l  f l y  ash flow r a t e .  
assumption is va l id ,  t h a t  the  sampling was complete and representa t ive ,  and t h a t  

Presuming t h a t  t h i s  

i 
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t h e  analyses a r e  co r rec t ,  t h e  condi t ion  f o r  balance is given by equation 4 .  TO t e s t  
t h i s  w e  have ca lcu la ted  a percent imbalance from experimental r e s u l t s  by equation 5. 
Also, t h e  p rec ip i t a to r  e f f i c i ency  f o r  an  element w a s  ca lcu la ted  by 

x 100 (6) 
Q P e I . ( A )  - Q P . O . ( A )  

QP.1. (A) 
P rec ip i t a to r  e f f ic iency  = 

The r e s u l t s  of the  mass balance ca l cu la t ions  f o r  8 major elements and 22 minor 
elements fo r  run 9 a r e  given in  Tables 2 and 3 ,  together with the  corresponding con- 
cen t r a t ions  i n  the coa l ,  p rec ip i t a to r  i n l e t  and o u t l e t  f l y  ash,  and i n  t h e  s l ag  

progress repor t  of the p ro jec t4  and t h i s  includes some da ta  f o r  57 elements. 
, tank so l id s .  A complete tabula t ion  of r e s u l t s  f o r  a l l  th ree  runs i s  given i n  a 

I n  genera l ,  agreement between the  two ana ly t i ca l  methods i s  reasonable.  There 
i s  a cons i s t en t  negative imbalance, the  average of which w a s  -26% and -16% f o r  NAA 
and SSMS r e s u l t s ,  respec t ive ly ,  fo r  the  major elements and -1% and -18% f o r  t he  
minor elements. I n  the  averages f o r  minor elements we  have excluded the  r e s u l t s  f o r  
Hg and A s .  I n  view of t he  assumptions necessary and the  d i f f i c u l t y  of ob ta in ing  
t r u l y  representa t ive  samples the  balance is  sa t i s f ac to ry  f o r  most elements. 
Notable exceptions a r e  elements which can be present  i n  a gaseous form. One may 
be a r sen ic  (Table 3) and another is mercury which is discussed below. One reason 
for  the  cons is ten t  negative imbalance could be t h a t  f l y  a sh  samples were taken under 
steady s t a t e  conditions.  Two opera t ions  were not inves t iga ted  and these  might account 
f o r  t h i s  imbalance. The a i r  hea te rs  a r e  cleaned pneumatically once per  8-hour s h i f t ,  
and soo t  is blown from the  b o i l e r  tubes about two t i m e s  per s h i f t .  If t h i s  mater ia l  
were measured it would increase  the average f l y  ash flow r a t e  (Q p . I . ) .  I t  is not  

known whether o r  not these operations can account fo r  a s i g n i f i c a n t  percentage of  
the  t r a c e  elements. Future in-plant sampling w i l l  include these two operations.  

A s  i n  the case of the  s lag  tank the re  was no way t o  quan t i t a t ive ly  measure the  
p rec ip i t a to r  residue flow r a t e .  These res idues  a r e  s l u r r i e d  with water and flushed 
continuously t o  the  ash pond. However, f o r  a l l  of t h e  elements except selenium 
the  p rec ip i t a to r  was extremely e f f i c i e n t  (> 95%) a s  ca lcu la ted  from the  i n l e t  and 
o u t l e t  f l y  ash concentrations using equation 6. The reason t h a t  selenium f a i l s  t o  
be scavenged e f f ec t ive ly  is not known and c e r t a i n l y  warrants inves t iga t ion .  One 
p o s s i b i l i t y  is t h a t  pa r t  of the  selenium is i n  a v o l a t i l e  s t a t e  but is  read i ly  ad- 
sorbed on pa r t i cu la t e s  trapped by the  alundum thimbles. 

Mercury has been determined on' v i r t u a l l y  every sample ( the  f i l t e r s ,  co ld  t r a p  
and s l ag  tank water and r e s idue ) .  We a r e  unable, however, to- f ind  t h e  bulk of the  
Hg t h a t  we know is en ter ing  the  system v ia  the  coa l .  From t h i s  we conclude t h a t  Hg 
is  present  i n  the stack gas a s  a vapor which we were unable t o  t r ap .  

Table 4 gives a l l  of the  values obtained f o r  Hg i n  coa l  which range from .OS7 
t o  .198 ppm, but most va lues  a re  i n  the  range of 0.07 ppm. Our  attempt a t  a Hg 
balance fo r  runs 5 and 9 is shown i n  Table 5. From these  numbers it i s  c l e a r  t h a t  
very l i t t l e  mercury ( s  1 2 % )  remains with the  s l ag  and f l y  ash p a r t i c l e s .  The cold 
t r a p  w a s  not e f f ec t ive  i n  trapping Hg vapor (* 11%). The r e s u l t s  a r e  in  q u a l i t a t i v e  
agreement with those of B i l l i ngs  and Matson,' except t h a t  these  authors were able 
t o  c o l l e c t  t he  Hg in  the  gas phase. Their da ta  shows t h a t  most o f ' t h e  Hg is in  the  
gas phase which can a l s o  be implied f r o m  our r e s u l t s .  I 

i' Recently, we returned t o  the Allen p l an t  and sampled t h e  f l u e  gas using a four 
impinger t r a i n  with a pre-scrubber of sodium carbonate t o  remove t h e  ac id  gases ,  
followed by th ree  impingers charged with iodine monochloride so lu t ion .  Preliminary ' 

r e s u l t s  show t h a t  mercury w a s  co l l ec t ed  and q u a n t i t i e s  de tec ted  were of t h e  expected 
magnitude based on Hg concentrations i n  the  coa l  which we had measured previously.  
This technique w i l l  be used f o r  the  Hg balance a t  t h e  next in-plant sampling. 

I 
I 
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Table 5. Hg balance 

Table 4. Hg in cod as determined Material Average Flow Hg Hg Flow 
by atomic absorption dday wdr glday 

Sample Date Hgoldr) RU15 
Coal 1.8 x IO9 0.064 115 
Ash (Slag) 

2 ECS 24 

5CS24AM 28 Jan 0.064 0.063 Precipitator Inlet 0.96 X 10' 0.04 4 

l E C S  26 AM 31 Ian 0.198 Cas (Cold Trap) 4.3 X 10" 0.0003 13 
l E C S  26PM 31 Jan 0.169 0.148 0.136 

9ECS 16 AM 1 Feb 0.016 0.060 
9ECS 16PM 1 Feb 0.060 0.058 

1.43 x lo8 0.07 IO 

5CS24PM 28 Jan 0.069 0.058 HzO to Ash Pond 2.9 x IO9 0.003 9 

26 Jan 0.057 

RU19 
coal 1.8 X lo9 0.064 115 
Ash (Slag) 1.58 x 108 0.09 14 

10E CS 19 AM 2 Feb 0.068 Precipitator Inlet 0.10 X lo8 0.043 3 
1OE CS 19 PM 2 Feb 0.013 H20 to Ash Pond 2.9 X IO9 0.001 3 
11E CS 3 Feb 0.060 Cas (Cold Trap) 4.4 X 10" 0.0003 13 

4 .  Fly Ash Particle Character izat ion 

Figure 3 shows scanning e lec t ron  photomicrographs of f l y  ash p a r t i c l e s  from t h e  
p r e c i p i t a t o r  i n l e t  and o u t l e t  and from the s tack .  The p a r t i c l e s  a r e  predominantly 
spher ica l  and there  is considerable  aglomeration of small p a r t i c l e s  (submicron s i z e )  
t o  la rge  ones. A l s o ,  t h e r e  appears t o  be a fuzzy mater ia l  present  which might be a 
s u l f u r  compound. Preliminary evidence f o r  t h i s  is scanning e lec t ron  microscope 
fluorescence analyses  of some of the  l a r g e r  p a r t i c l e s  deposi ted from the  p r e c i p i t a t o r  
i n l e t  f l u e  gas on the f i r s t  s tage  of a Cassel la  cascade impactor. Figure 4 shows 
such an analysis .  A l l  of the  fluorescence l i n e s ,  except aluminum, can be a t t r i b u t e d  
t o  the p a r t i c l e s .  
aluminum peak is  due pr imar i ly  t o  the  f o i l .  Upon ion  etching by bombardment with 
argon ions ,  the s u l f u r  peak decreased s u b s t a n t i a l l y  ind ica t ing  s u l f u r  was present  
pr imari ly  on  t h e  surface of the p a r t i c l e s .  As one would expect ,  the  preliminary 
evidence is tha t  the  f l y  ash p a r t i c l e s  a r e  a complicated mixture of the  elements. 

Since the  p a r t i c l e s  w e r e  c o l l e c t e d  on an aluminum f o i l  the  

Work is s t i l l  i n  progress  on determining the  p a r t i c l e  s i z e  d i s t i i b u t i o n  i n  the  
f l u e  gases hefore and a f t e r  the  p r e c i p i t a t o r ,  and i n  the  s tack .  Also, composition 
of f l y  ash as a funct ion of p a r t i c l e  s i z e  is i n  progress. 

5 .  Conclusions 

Trace element mass balance measurements around the Number 2 Unit of the coal- 
f i r e d  A l l e n  Steam Plant  i n  Memphis yielded a respec tab le  balance f o r  many elements. 

t o  the f a c t  t h a t  soot  blowing and a i r  heater  c leaning operat ions were not taken 
in to  account i n  t h e  sampling. Because the method of  f l u e  gas sampling was designed 
pr imari ly  t o  c o l l e c t  p a r t i c u l a t e s  e f f i c i e n t l y ,  good balances were not obtained 
f o r  elements forming v o l a t i l e  compounds. For example, more than 80% of the mercury 
en ter ing  w i t h  the coal is emitted with the  f l u e  gas a s  a vapor. The l a r g e  imbalance 
f o r  a r s e n i c  ( - 5 8 % ,  Table 3)  ind ica tes  t h a t  a Gubstant ia l  port ion of t h i s  element 
i s  a l s o  i n  t h e  vapor phase of t h e  f l u e  gas .  

However, t h e  results s h n w d  a c n n c i c t . e n t  n y r t i v o  imhalan- ,= .  T h i s  m i n h t  ho At>.= 

The e l e c t r o s t a t i c  p r e c i p i t a t o r  was very e f f i c i e n t  (?. 98%) f o r  most t r a c e  elements 
based on analyses  of the f l y  ash p a r t i c u l a t e  specimens co l lec ted  from the p r e c i p i t a t o r  
i n l e t  and o u t l e t .  An exception was selenium. Although a reasonable mass balance 
was obtained f o r  t h i s  element (see NAA r e s u l t s ,  Table 3 ) ,  it w a s  not  removed e f f i -  
c i e n t l y  by t h e  p r e c i p i t a t o r .  This may indica te  t h a t  a s i g n i f i c a n t  f r a c t i o n  of the  
mater ia l  is in  t h e  vapor phase in the  f l u e  gas ,  and t h a t  it is being adsorbed in  
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passing through t h e  alundum thimble f i l t e r  used t o  sample the  f l y  ash.  Accounting 
more completely for t h e  v o l a t i l e  t r a c e  elements such a s  Hg, Se, and AS remains the  
most s ign i f i can t  quest ion s t i l l  t o  be answered i n  fu tu re  mass balance work. 

6 .  Acknowledgements 

The authors  wish t o  express t h e i r  appreciat ion t o  t h e  following personnel of t h e  
Tennessee Valley Authority without whose a s s i s t ance  t h i s  study could n o t  have been 
accomplished: M r .  Joseph Greco, Chief Plant  Engineering Branch, Divis ion of Power 
Production; M r .  John H .  Lyt le ,  P l an t  Engineering Branch, who supervised t h e  f i e l d  
t es t  crew during the  mass balance runs; and, D r .  Lucy E .  Scroggie,  Supervisor of 
t h e  I n d u s t r i a l  Hygiene Laboratory, who coordinated T V A ' s  con t r ibu t ion  i n  t h i s  j o in t  
study fo r  D r .  F .  E .  G a r t r e l l ,  Director  of Environmental Planning. 

7 .  References 

1. 

2. 

3 .  

4.  

5 .  

Standard Method f o r  Sampling Stacks f o r  Pa r t i cu la t e  Matter,  ASTM Designation, 
D-2928-71, Jan.  0 ,  1971. 

J. A .  Carter  and J. R. S i t e s ,  "Analysis of Radioactive Samples by Spark Source 
Mass Spectrometry," p.  347 i n  Trace Analysis by Mass Spectrometry, A.  H .  Abern 
( e d . ) ,  Academic Press ,  N e w  York, N . Y . ,  1972. 

C. Feldman, J. A ,  Ca r t e r ,  and L. C .  Bate, "Measuring Mercury," Environment 14, 
(6) 48 (1972). 

N. E.  Bolton 
P lan t ,  Progress Report, June 1971 - January 1973, Oak Ridge National Laboratory 
r epor t ,  OWL-NSF-EP-43, March 1973. 

C.  E. B i l l i ngs  and W. R. Matson, "Mercury Emissions from Coal Combustion," 
Science 176, 1232 (1972). 

e., Trace Element Measurements a t  t he  Coal-Fired Allen Steam 



ORNL-DWG 12-2973R 

Fig. 1. Schematic of N u m b e r  2 Unit, Allen S team P lan t ,  Memphis. 
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Fig. 2 .  Schematic of Sampling Probe Used for Mass Balance Study. 
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Fig. 3 .  Scanning Electron Photomicrographs of Fly Ash Pa r t i cu la t e s  
Collected on Alundum Thimbles Used t o  Sample the P rec ip i t a to r  
I n l e t  and Outlet  and the Stack. 
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Fig. 4.  Qualitative Fluorescence Analysis of a 5 P Fly Ash P a r t i c l e  
Trapped on the F i r s t  Stage of the Cassella Cascade Impactor Used 
t o  Sample the  Precipi ta tor  I n l e t .  
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REACTIONS 0: ALKALI METAL COMPOUNDS DURING COAL GASIFICATION FOR ELECTRIC POWER 
GENERATION. Sven A. Jansson, Westinghouse Research Laboratories,  Pi t tsburgh.  Pa., 

15235. 

A lka l i  metal compounds cause ho t  corrosion and foul ing i n  gas turbines.  The extent  
of alkali  release during g a s i f i c a t i o n  of c o a l  depends l a rge ly  on the  chemical composi- 
t i o n  of  a lka l i  compounds i n  coa l  and on the chemical r eac t ions  of these compounds i n  the 
coal gas environment. This paper descr ibes  r e s u l t s  from a s tudy of alkali  metal reac- 
t i o n s  during d i f f e r e n t  s t e p s  of t h e  g a s i f i c a t i o n  process. Thermochemical calculat ions 
and diagrams are used t o  determine t h e  probable react ion processes, t he  na tu re  of any 
v o l a t i l e  alkali metal species ,  and t h e  composition of s o l i d  o r  l i qu id  r eac t ion  product 
ash components. The ca lcu la t ions  show t h a t  chlor ine promotes alkali release through the 
formation of highly v o l a t i l e  alkali chlorides.  Hydrogen chlor ide is another important 
r eac t ion  product. As t he  coa l  gas  is burned with air and expanded through a gas turbine, 
the a l k a l i  chlor ides  react with s u l f u r  compounds in the gas t o  form s u l f a t e  deposi ts .  

metal, su l fu r ,  and ch lo r ine  on condensation temperature and t h e  nature  of t u rb ine  
deposits.  

*Work p a r t i a l l y  supported under con t r ac t  with t h e  Off ice  of Coal Research. 

Calculations have been made to  determine the  e f f e c t s  of d i f f e r e n t  l e v e l s  of alkali  
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State of Trace  Elements  of Coal During Gasification, A. Attar i  and  J. C. Pau, 
Institute of Gas Technology, 3424 South State Street ,  Chicago, Illinois 60616 

A prel iminary study has  been initiated (under EPA sponsorship) to  determine the 
concentration of some 35 t r a c e  elements  in  coal  with par t icular  emphas is  on the i r ,  
fate and distribution among the various solid, liquid, and gaseous effluents of HYGAS 
pilot plant, now under operation a t  the Institute of Gas Technology. Coal  and solid 
residue .samples were  obtained f r o m  the pretreatment ,  hydrogasification, and 
electrothermal  s tages  of bench-scale development unit of the HYGAS plant. 
samples  w e r e  dry ashed i n  a n  oxygen plasma low-temperature a s h e r  and the resulting 
a s h  samples  were decomposed with HF,  then dissolved in perchlori'c acid for  sub- 
sequent analysis  by var ious atomic absorption methods, except f o r  m e r c u r y ,  which 
was  determined by a combustion-nonflame-AA method. Thus f a r ,  Sb, As, Be, Cd, 
C r ,  Pb, Hg, Ni, Se, Te, and V levels have been measured  in feed and solid res idues 
of a bituminous coal and the resu l t s  show substantial removal of e lements  such a s  
A s ,  Cd, Pb, Hg, Se, and Te during gasification. These resul ts ,  however, a r e  based 
on a limited number of samplcs  and fur ther  work is in progress  to  analyze a la rger  
number of samples  before  any f i r m  conclusions can  be  drawn. 

The 
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Coal Gasification f o r  Elec t r ic  Power Generation - P r o c e s s  Conditions Effecting 
Contaminant, D.H. A r c h e r ,  J. L. P. Chen, E. F. Sverdrup, R .  W. Hornbeck, 

Westinghouse Research Labs. Beulah Road - Churchill Boro. Pittsburgh, Pa. 15235. 

A coal gasification p r o c e s s  has been proposed to  provide fuel  for  e lec t r ic  power 
generation i n  a gas and s t e a m  turbine combined cycle power plant. 
multistaged fluid beds with countercurrent  gab and solids flow t o  produce a low cost 
plant capable of economically gasifying a wide range of coals. 
designed to meet stringent air pollution standards. 
dolomite sorbent bed for  desulfurization. 
followed through the  gasification p r o c e s s  to es tabl ish the gas compositions, residence 
t imes ,  and tempera tures  that  will effect the re lease  of contaminants. 
p r o c e s s  conditions, a companion paper  es t imates  the re lease  of the alkal i  meta l  
compounds which a r e  potentially harmful  to the turbine. 

The process  u s e s  

The plant is  being 
It employs a high temperature  

Both coal  and dolomite par t ic les  are 

Using these 


